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20. ABSTRACT (Cont ’d)

~ vacuum. Resul ts of elastohydrodynamic film thickness measureS
ments for DMA—type be5~rings operating in vacuum and having
various ball—retainer materials as well as different retainer,
bear ing  processing v a r i a b l es are  presented and d iscussed .
Also , the effects of frequency and extremes of temperature
var ia t ion on these beari ng s are pr esen ted . Model stud ies
usi ng an EHD op tical  tester to p e r f o r m  f u lly f looded and
starved lubrication experiments are also presented and dis-
cussed. The results from long-duration tests with DMA-type
bearings having ball-piloted retainers and operating in
vacuum are also presented. There were no long—term bearinq
failures and examination of the bearings after test termina-
tion reveals that substantially f ull EII D l u b r i cation ( n o t
f looded , but separation of bearing surfaces) at the balI -r,icc
contacts apparently prevailed for the duration of the t c i - s t u .-1
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This report was prepared by Southwest Research Institute ,
8500 Culcbr ,t Road , San Antonio , Texas , under Contract F33hl5—
76—C—5023 . The contract was initiated under Project No. 734 3 ,
“Aerospace Lubricants ,” Task No . 734303. The work was
tdministered by the Lubricants and Tribology Branch , Non-
metallic Materials Division , Air Force Materials Laboratory ,
Air Force Systems Command , Wright—Patterson Air Force Base ,
Ohio . The project engineer was Dr. W. F. Ward , AFML/MB T.

The report covers the period of November 4, 1975 through
November 4 , 1976 , and was submitted by the authors in
December 1976.

The contractor ’s report number is RS—651.
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SEC’rIoN I

I N T R O D U C T I O N

1. Object ives  and Scope

The Statement of Work of Contract F33615-76—C-5023
specifies that the objectives of this program are~ (a) to
determine the factors contributing to and the effect of
lubricant film thickness on long term performance in slow
speed , lightly loaded roiling contact bearings (hull
bearings) operating in a space (vacuum) environment , an d
(b) to develop relationshi ps to explain lubricant film
thickness and bearing performance in terms of the lubricant
composition and systems parameters significant to long
term performance in order to provide the foundation for the
development of accelciated test methods.

Three major tasks wore outlined in t h e  S ta t c - i u en t  of
Work. These tasks are identified herein as follows :

Task I — Des ion , fabrication , qualification , aud
delivery of an optica l elastohydrod ynamic tester.

Task II — Experimental measurements of film thickness
in typical despin mechanical assembly bearings operating
in a space (vacuum ) e n v i r o n m e n t .

Task I I I  — I n v e s t i g a t i o n  of the i n f l u e n c e  of lubri-
cant  f i l m  t h i cknes s  to ba l l - r ace  composi te  s u r f a c e  roughness
r a t i o  on b e a r i n g — l u br i c a n t  performance and life expectancy
in a space (vacuum) environment.

2. Background

The successful long—term operation of an y  r o t ~~ting
mechanical equipment designed for use in space , su ch as
despin mechanical assemblies (DMA ’s) and momentum wheels , is
strongly dependent upon the performance of its bearing/
lubricant syst&’ni . Due to the high cost C f  l au n c h i n g  a s l a c e
veh icle , it is highly desirable that the hearinos emplo\-c’o
in stabilization components perform reliably without relub r i—
cation or maintenance for extended peilods of 10—15 y e ar s .
While successful continuous opera Lion of mor e than 5 y e a r s
has been achieved ~Hth some syst ’ms , many failures or abnorma l
p e t f or m an c e  a t t r i b u t e d  to t h e  l u b r i ca t i on  s y s t c m  h av e  a l s o
occurred during this saute time period. (1)

While tbere are ru ~nv poss 31 )10 fai lure mod -- ~ of sp ace
equipment that can be at ii  hit ~ed tC I Lbs  hear i s t /  1 s I r  cant .

- —c ~~~~~~~~~~~~ ~~~- 
- - S~~ --~~— ---- - — -  —
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sv~;tetu , U)  the study rcport ed here in dea l s w i t h  the problem
of t he  de’:o ~ e~~u i~ - t t  t and ma i nt enance of adequate oil film

h i c k n L - s s es  at  he I: t i  l — acc c o n t a c t s  of r o l l i n g — e l e m e n t
bearings. In order to 3 rolmte long life of a lubricated
beat ~uu l sSd u lb lV , i t is important to maintain full elasto—
h drodvn-uni c ( E N D )  l ub r  ic at i o n  cond i t ions  between the bea r ing
components. Without full END oil films , surface contact and
r u b b i n g  wear will occur, if operation in the boundary lubri-
cation re;ime occurs for a significant portion of the mission ,
then excessive we ar nay occur , wh ich w i l l signi f i c a n t l y
increase the potential for bearing failure.

- 
There are many factors which relate to the essential

conditions necessary for the formation and maintenance of
adequate EN D f i l m  th icknesses, in b e a r i n g s  employed in space
h a r d w a n i : - . These inc lude  l u b r i c a n t  p roper t ies , l u b r i c a n t  feed
characteristics of retainer materials , lubr icant  process ing
of retainer .~bearinq , bearing design , bear ing  speed , bear ing
toad , and bearing operatina temperature.

As a means of estimating the END film thicknesses in
bear i n gs operating in space equipment , the classical theoreti-
cal film thickness equations (2 ,3) may be used. However , the
theoretical equations apply strictly only under ideal cond i-
ti ons of perfectly smooth surfaces and fully flooded inlet
.:~~r .ditions. Although bearing components are usually wel l
finished , the surfaces have a finite roughness. Depending
upon the ratio of the END film thickness to composite surface
roughness , contact between asperities may occur , leading to
rubbing wear. With respect to lubricant inlet conditions , there
arc several factors which contribute to lubricant starvation
in bearings operating in space hardware. One factor contri-
but ing to possible starvation is the limited lubricant supply
available to the bearings. Another factor promoting starvation
is the continual wiping of the surfaces of the rolling ele-
ments by the rolling-element retainer.

Previous studies~
4 6

~ have been conduc ted to determ ine
the effect of lubricant starvation on the END film thickness.
These ex perimenta l and anal y t ical s tud ies  showed tha t as the
supply  o f lubri cant is reduced , the inlet lubricant boundary
moves owa rd the Hertzian region , and the film thickness is
riliti (:cii . As the inlet boundary app roaches the Her tzian radius ,
the  f i l m  t h i c k n e s s  approaches zero.  A l t h o u g h  these s tud ies
succeeded in ex l . l a i n in cj  the e f f e c t  of i n l e t  boundary  on s ta r -
\ ‘ dt i o n , it is still not known how the inlet boundary position
c an  be re lated to design and operating variables.

In summary , the present state of knowledge does not permit
an iccurat.i’ estimation of the oil film thickness in an oper—

i f  ing bi c a r ing in t e r m s  of the design and operating variables

— -:~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- - -~n 0 1 !l I ) i I S i t ’O t Is I 15 5 tck~ s sn . ( -  too - i i -  - t I v  , i t t
( s r .  - r t t)  ~~~. I lit t wh o  he C ot  ti  t an - d i -  u t  t 0 o i  f i in h ck —
ness t ie- v at It ; Ito i ss- . s i i n - ;  50 ~i n t o  i n s i t t o  t O L L  L - h s t )  a i s t i —

I o n e’: e t c i mc i i  t a I m c i  o t t  t ~~c t 5 i ~~~c~~ ; i. of  t UI - 1 Itt hi c;-e:ot; i-i i

t r i n ; s o; - , - r a  t i i  i i  . 1 i m i ~ a t  ed S t e ~~~~- - n v  i iruw-is t in
- - i :

[i i  a r e v i o i o;  s t u d y ( 7 , d )  sp o n s o re d  U -~ t~~ t -  A i r  1 rce
‘. i t  - t i a  i s  i c a i ~~~ ra t e l  ( C~~t l )  , S-cu I i t S e . ; I R o s o . i r  oh i t i n  t s t e

ds - v el o i-d . 1 l.-~- a i i n q  :- i c o i.is: .~~.~~- -ie- sit mearei r~~o - : i t
t - c h i t  i t i e  wh  i - ‘h r ev  i s l en  a quatit I t - i t i ye , )ic c ;s  n e t s  , and
I- - O re.i L iciblC niethoh of in- - asu  ng t h e  l I l t  t m i  t h 1 C k O C S SC S

or ; :ed  i t :  n i t  e p r r c i  ti ts -: L e n i n - ;  in vacuum. l. ~~;er i treni s we r e
p er f o r m e d  on t y p i ca ~ L I ;A b e c i r o i s ; u  l u b r i c a t e d  w i t f i  v a r i o u s
o i l s  t n t o l - e r l t i n ~t i n  a ~~~ -~~~~

- - ( v a c uu t : ) - : - r i V - s I -: es - l ; t .

sa nk repo t toe 11et~ i n is an et: : e n u lo n  01 Li i . - ~ t o v i ou s  v- n P ,
and  in c l u d e s  a i c n t : t i r i l t  i o n  o l  t h e  e f f e c t s of c o n t e s t :
‘-in iebLat ; n - I  ~- ‘~ i iss ~~ted in the previous st u - i v ~

l o t  t i e.- - - a rk r e l e n t e d  h e r e i n , t h e  experiment 1 r e - t r a m
s : i v o l v  t i e ;  measuroi:~ont of I ho END film liickncs ses in p e r - —
atinq b5 - i r s n ~~s ~sa  d i s ’i t e d  i n t s  t w o  t . i ~~t s .  T:isk I I  ~n~ olvcd
short —te rm t e n t s  ci i  t -n  e e l  ‘-~~. \ Lo in i n s  ope t  i t  i re; i i i  a
vacuum to examine hc~ P1111 film i;b-i :;ss;s IS  c f l f f C C t C  i~~
oil fs -e. 1 ch~~:ecterist i o n  of  d i f f e r e n t  r e ta i n er  s t  r e i ls ,
p r o c e s s  r n q  t c n l s n i : io-s  ns -d i n  ip 1 l y i  i; lui t ic ,tst t o I he
r - t c i i n er / h e  n i ne  i s s em b ly , a n d f i c e u s - t i c y  a nd  ex t  r e a r - s  o t
CtlV I rntu’ - f l t t 1  I c m n s -.r , I f U I e  vanil t iOfl . t ’oI u i t  eto T : t  l te; t h t ~~~r-
u t  : d ies  w i t h  a c t u a l  br - i  t i r igs  , t o l d  t e s t s  w e t - e e l s - m et  s t  in
t he  SwRl o t t  i s - a l  [-~}I I ) t s s ’e. r t o  s t u d y  th e  t n - t a r s  w h i - h
r i e t ~~i n ; i r e w h e t : ; 1. r  E N D  con 1 .~~- t S  i n  a b e a r i n g  o p e r a t e  in  a
flooded or Ste it - ed cond it ion

In L i n t  I l l , 1 o n . ; — l n r a t  ion t e n t s  SeiC c. ri i u c t e i  en
bearings o n e ra t  i t s . :  in v i 5 -u u m . die o b j e o t  i v e  of  t h e s e  tests
was t~~ - ; e i ; e r a t r  c :’g -~- n i n l e n t : 1 i l t a  r~- i - i t i n q  t h e  o i l  f ; i m
t h i c k n e s s  to  t s - , i ; i n s ;  l c ~~r f s s r m a n r c t o n  t h e  l i r l ese o t  p r n s v i i i n s ;
a r e a l  i st i c  f e u t i d a t  ion ta r t h e  let  I S en t  o f  i c ce l e r it  SOd
t e s ts t o t bear inn 1 1 e - n -n  o f  i on
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‘l e s t  h e ar  i n qs

if: - t e s t  bee n i n q s  so lect e t  I on  use in  t h i s  r n i ; r a m  a r e
of t i e - d e s iq t ;  shown in F i - t u r e  I . M a n u f a c t u r e d  by t he  M a r l i n —
ti c twr - i i  Co;r~;an \  , t h e s e  t i -t l cal  i i ~ 1A hea r  in n s  a r e  A B E c — 7
J r a - i r , annular— cent -ro t b a t  I b e an  ISIS w i t h  a counte rborecl  inn e r
r ice , 100 st-; l i o t - r - , alisI a contact nud e or 2 6 °  10 . The
b e a r i : i ; s  h a v e  a b a l l  i ’olti : ien Ier 5 t of 19 b a l l s , 15.9 miii ( 5/ 8  i n . )
in d i a r t et e r .  The n i n ~;s m t  b a l l s  a re  tr ade of 4 4 0 C  s t a i n l e s s
s t e e l .

The si ur f e c e  f i n i s h  ot ~ the h a l l s  in a l l  t e s t  b e a r i n g s  is
i p p t - c r x t n i u O - l y  0 . 0 2 5  jsm ( 1 s i n . ) ,  I s - ; w r - \ r - r , the  s u r f a c e  f i n i s h

of t h e  r ace s  i s  n o t  t he  same O I  a l l  bear  i t i s ; s .  For the
h e ar i n~:s -aset  in t he  s h o r t — t e rm  t e s t s  of Task 11 , the s u r f a c e

i n ~ sh of  t h e  r a ce s  is t i l e  ME C s t a n d a r d ”  f i n i s h  of ap i r o x i —
:t t a t c l v  0 . 1 0 2  ; .m -1 t im . )  t r a n s \ ’c r s r -  (a c ros s  t h e  gr i n d i n o
r a n k s )  . A l l  t}~~- be~t r i  ncj s usros  i n  Task I I  had been m a n u f a c t u r e d
pre ’:ious lv  f o r  use in cIf l  e a r l i e r  p r o g r a m .  ( 8 )  Now or ’er , onl y
s h o r t — t e r m  t :ests h t ~ l i j r r f l  c o n du c t e d  w i t h  t hese  h e a r i n gS  d u n  i n - i
t he  e a r l i e r  s t u d ie s , so t h a t  t h ey  were  s u it a b l e  f r  nc -us ;  in
t h i s  proc s-a :. . .  The b e a r s  rots we re  t h o r o u g h l y cl eaned by BBRC
b e : or e  t h ey  were  n o l~r o c r - s o e d  w i t h tr c- sh l u b r i c a n t .

b~~ n t Lie lon’;  I a r m  t e s t  ii o f  Task III , t he  s u r f a c e  f i n i s h
of the  tee-es is t . 4 3 T  tins ( l t - . p in .  I t s u n s v er s e .  This  r e l a t i v e l y
r ou eh  f i n i s h  w a n  used in ~ardn :- to - to n er a t e  a low r a t i o  of the
iubr tcant film thickness t o  h a l  i — r a c e  compos i t e  s u r f ac e  roug h-
ness , • or t h e  p u r : - os e  of - t e t e r u t i n  i.ng the  i n f l u e n c e  of t h i s
r a t i o  ct -i b e a r i n - :— l u h n i c e : s r  p e r f n : i a n c e  an d  l i f e  e x p e c t a n c y .
The h e a r i ng s  f o r  t h e  T a s k  I I I  t e s t s  ‘cere  new b e a r i n g s  fabr i -
ca ted lii MEt far t h I s  p r on :  c i f l i .

Th rc- e - i i  t r - r r n fr ma t ;er  i - i is i t :  too di I feren t des  i s ;ns  were
s irp loved  f o r  t he  t e s t  bear  i nn  r o t~i i n er s  u sed in  t h i s  p 1- a s t r a l ; ; .
The nia t , i i  a 1 s o u r S l  f o r  he r e t  a i t i e r s  i t ;  c 1 so led po rous  n y l o n
porous  p i - i v u n i d e , . i n I beterle- , t i t e  l a t t e r  b e l t s - u  con s t r u c t e d
of l a y e r s  o r o f  5 on a b n i c  im h -re ;t sa t esi with a t h er m o s et t i ng
r e s i: . .  A l l  I t r e e  m a t s - n  l~ i t.n li e  suitable I or o 1 i ;:up: - e_ ; na t  io n .
‘f i t s ’ - r e t  is f ly  I OS) m a t  s C  i S I w~;s n e t  ac t u rr e t  by I he Fe lvme r
Corporation e:s~I t s  i d e n t  I i  t e d  as Nt-l ssint n4 !IV—- 2 . rri.Ie
porous 1i o l v i m it  r o u t  e r t  i l  isas~ r - . t : iu f ; i e tu r c d  b y I t ie  D ixon
Cor i ’ur ~ L w:- and  t o  I sl~ n t t I i o t i ~ M el d  in  9 0 0 0 .  the  pheno l  i c
nta ts -nial was ma nu t ; iet; ;t r -i i v  t h e  : t - n t h a n e — T a v l o r  Co r p oi - a t i o n

I S i s i  iS  L i l e n ’ i~ t ed  15 I~\ - :s ’ h i n t - C r s - h -  I1 5 f i . For t h e  Task  I T
t O O t S , sn o ut , r — L ; n d — 1 - i  i;s t cd i~~t i i n - - U  i o n  1-in v m s  em pl oy e d ,
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and Cr1  ainers went- fabricated f r o n t  a l l  th r ee of  t h e  n i a t e - r i o~ s
descr~ ben above.  The p h e n ol  ic n: ta ~roars an-re t I -  er- vt i-i -h
h i d  L ee - i  m e nu  f a c t o r e d  by ilbC m o d  st5  - i g  I I ed WI th  t h e  beer  i ogs
o bt a i n e d  du r i n g  t h e  ea r li e r  pr~~t n it ; ;  m i n t  - n e t  aPt;’; - . the
l~ -° ~~~~~~~~~ s - i o n  and - ) 3 005 pol~-in i i inn r e t ;  i n~ - n .  w e r e -  fahr ; c i t s d
f-c r h i s  p i  o;z-am by B a l l  B r o t h e r s  I-iese cmr - is C o t :  - o r 5 s t i on
(B B fiC ) , - h o  s or c ’ed as a s s t b c o r :  t. L a c tot  1 a :J a-R T . For - I t .- T~~Sck
I I I  t est. o , a b a l l— p i l o t - a d r ct ai :-i er  - i d e - S I - I t S  was  i - i ! i t _ ~i O i ~ed , and
a l l  of t h e  : e l l— p i L o t r .oJ r e t a i n e r s  a- -v I m t .: n t c s s t a d  f i : r  t ! t : lS
pro-iran ; by -IRC f r o m  the pheno l i c n e tt e r  m a]  . The to m 1.1— ~~i lo t  ed
r e t a i t m e r  cI t - s ign.  ~s shown  is 1° t r : r U t s :  2 .

2.  Test Oi l s

Ba s ica l  i : , two Le st o il s  w r e  i n c l u d e d  in t . h s s t ud y .
One - m S  L3IAIi C 3 6 2 3 3 , w hi c h  i s  ~mn o i l  h5~t h a s  been ss~ac: . - —
proven t i : r e n ~:h cons ide reb le  h .arcA- , a n e  e :- :L-cr ience;  the-  o ther  is

toLOm t A co ts  tam ing an an t i w J ar  n - I - t i tive and an s u t i o x i d a n t .
faa l c~—e l s  of a n t  iwoa r  a i d  : t ive  (-o:Iceu zstrcItm ~~fl in  the  Ap iezon
A oil w~-re ~~ f u . i~~- e:.

The I— he- -n 1-c-- ; ical  j r c -p - rt i e o  f o r  t h e S e  o i l s  h i v e  b - - n - i s  p i t —
sented in  d e t a i l  ~~~~~~~~~~~~~~ 

( 7 )  c c o o s - -. uent l y o nt y a b r i e f
d c - s c ri p t  ion o f  the oils ~~~ I T  P- c- .j i - ~’er; h r - re . Thu base stock
for BBRC 36233 is -ctp i e o n : C , Jr in’,s Vapor  p r c - t - ;sur e  ny d r o car b o n
oil used in vapor hi f ‘ ins on vac : : i ;; : I :lips . As du t e n i t s i s s i d a t
Sw fij , BBRC 3 6 2 3 3  has a k i m e : i j t j c  v i s c o s i ty  of  105 x
tn t / s  (105 cs)  a t  3 7 . 8  C ( 10 0  F ) .  For en an t i i - ’ m er  a dd i t i v e ,
the oil  c o n ta i n s  5 h~~re~ -rm t of a cOnc~o nt  r a t e -  01 lee ! n ap h —
th en a t e . Th i s  con c en t r at e  is a p i - I D - c d  l t t l m t C r l y  88 p er c e n t  l ead
n ap h t h er -o m t e  -and  12 percent ;;n t - . i~~c; h t  --- - - 1- s a m  Is y t r o c a rh i an s  w i t h
a lower b o i l i ng  p o i n t  th in t e  T r u t h  t m : i p h t i h en a t o .  h e r  an
a u t t o x i d . n : i t . ,  BBPC 3 1,233 c o n ta i n s  1.5  p e r c e n t  p ,p ’ — d i o c t v l d i —
phenylarn .i ne .  The A~~ic-zon  A o i l  is a l s o  a l o w  v . m j : n ’ r  f - 1 c - s S u r e
hydrocarbon oil , but is less •:.ls ; - -mus t h t n  A l u i e Z o n  C.  The
k i n e m a t i c  v i s c o s i t y  of Apiezon A w i t h o u t  a d d i t i v e s , as
determined ;rt SwRI , is 28 :-: l 0 ~~6 m 2 /s ( 2 8  c st  at  3 7 8  C
(100 F) . Two o i l  f o r m u l a t i o ns  u t i li z  i i i ;  A p i ez on  A a ;  t h e
base s tock were  n i u s p i r y r - c i  in  t h is  p rogi -am . °Im w f o n n i u  l i t  ion
COfl t t l f l C r t  5 p e r c t - r m t  of t he  le il ::mp hthenci t o cn r s c c - i s t  r a t ; - , an n
the- o ther  f o r m u l a t i o n  con t.iis -i e:L 0 .  ~

e r c I- r - t ol I h a t  e d i t  i t  i v - .
Ncs~~h f o r n i : ’ l a t i - n ; s  cot I CI~~r - c i 1 . 5  1~t r c t d t t t of  t h e  n it t ;e  a n t . i - n-~i—

- - 
: 1-mt  a d d i t i v e  ri r sed i n  IIBR C 3 c 2 3 3  -

T I m-  - t - : ; t cu is w e r e  t o  n : - nl l.i ~~ i~~d cm t I - - 1  t o  t I i ; - I • st
b , t r i n q s  by BB RC .

3. Bean nq Test R i  ;s - i n . l  Asso - j  a l t d  Ins t nI imc ti t i  t j  el i

1- un ide-n t i - - i l  ~ ~~
-j
~~g tes ’ ri ts a P I OV i l  i t t  t h i s

; r o q r a m .  ‘ I P u - ; ’ -  fr - m m ;  t n t  n i - i s  - m O s  t~~t~~ b - n  t I S O S ’ l  j I t t I i f l

t i - t i l l ; i n e - v i o u s l v , ( / , B )  I t s - i s  o n l y  - c m  i t  i s - I  d • - : : - n i ~ ;t m - t ; t  a - i l l  H

-
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p r e s e n t e d  is-re . Erich t x - e r  i ng  r rcj  e cco i ’sc i todut e s  wi . t s- s t
b e a r i ngs  , nioun ted on a s i ng  Ic s ha f t  ~m ud  ax i a l  ly p t  s -  I O m s i I c - s i  b y
means  of a d i a p h r c m u n s .  P r s - I e s t i  can be set  to a n y  i 5 si itc b

value between 2 2 2 L L  ( 50  lh )  ,dm- m d 8 9 0 N  ( 2 0 0  I b )  . ‘flie b t - a t  it ;. :—
shaft a s s e m b l y  is c o n t a i n e d  w i t h i n  cm cy l i n d r t c a l  .c - t s c lOSUi-
w h i c h  is a t ta c h e d  to a ~-acuurtm chamber to ‘reside- t to - iniu—
late-cl space environment. Rot  a ny  mot ion i s  I :Jt d l r t r c d  t O  t t i
s h a f t  by means of a m a g n e t i c  c o u p l i  it - .; , the  o u t e r  m a gn e t  0 1
the  c o u p l i n g  br ing dr i v i .;n by a v a r i a bl e  speed DC n t - s t u n
m o u n t e d  o u t s i d e  the -  b e r i r i r ig  e n c l o s u r e .  The t o r i  i s - 01 eac h
p a i r  of b e a r i n g s  is d e tc n t n h:od by n ;e- m s i d n i l i g  t h i - - a n g u l a r
d i sp l acement  between the d r i v i n g  and dr i von m a g n e t s , ar n i
r e l a t i n g  this anqular displacement to an angular disp l arn- —
me-nt versus torque curve established by calibration. ~~itor
speed is indicated by means of a magnetic pickup activated
by a 60-tooth gear mounted on the motor shaft. Bearing
temperatures are measured by m e a n s  of thermocouples which
contact the outer ring of each be-a ring . The forward be i t  i l l s ;
was he ld  in t h e  b e a r i n g  c a r t r i dg e  shown in F i g u r e  1 of
R e f e r e n c e  8. Th i s  c a r t r i d g e  was a t t a c h e d  to a d i : m  h i - i t ::
w h i c h  p rov ided  ax i a l  pr e io ad  to the  t e s t  b e a r i n g s ,  f l h i r
f o rw a r d  b e a r i n g  was closest to the vacu~m :r- f a c i l i t y  and
normall y ran a t  a h i g h e r  t empera  L u r e  t h a n  t h e  a f t  br - a r  i n q ,
e s p e c i a l l y  d u r i n g  l o n g —d u r a t i o n  t ;st s .  The a f t  b - . : i r i i i c ;  a nt s
located c— l o s e r  to t he  d r i v e  rrm otrai r as shoe;; i r s  l i o ur e  l of
R e f e r e n c e -  8.

The Lechn i iSle- c employed for rt i e -msu rin - ; o i l  f i l m  t i : ; c k i s t -Ss
in these tests t o  d e s c r i b e d  in d et e ;i  in  R e t  e r r - n s ~t 8 .  [1 5

c e l l y ,  th e  t o c h n i s i r m e  i n v o l ves n i e a s u n i f l - :  [hr - m x i i i  .:is;-lace—
me -n t  of the o u t e r  r ;  ta g of the  h e a r i ng  w l t i  ch i s  r - i a s t  m c - i l l v
r e s t r a i ne d  i: I Is- Ioadinq d i a p h n i i g n ì . T h i s  - i : ~; i~t l  d 1 a ~~ l - c u .~t - c —
nie n~ i s ca n n e d  by the d o c c ; I c p i r ; m - : t of I - 11 D f i l m s  1 - s - t a - - ’  -i t o
b a l l s  and r i c e s  of the  b e a r i n g s .  Th~ - Tuea:, : i i  ‘- u n - s i t  i s  m a - -
w i t h  a l i n s - - i r  v a r i a b le -  d i f f s - r e n t  1 - 1  t r s ’ s t o n r n - r  ( L V D t )
Th rough  the use-  of - m cui ; .1 : r i t c r  i ;r t _)- ; r : s I l i , t . i t  [ l I D f i l m  t h l ’ k c c

nesses ar-c c a l c u l a t e d  f r o m  the  c i x i a i  d i  s1 l . i c - : i e : r t .

4 .  R e a r m n g  Beta  i. ner  i’iod~ - l  s

To i r :vs  - :1 i g ,a I ( c  t i n  - I dit 1 c~m i - t • - I - L e t  - i i ’ t ‘ - c i  i s I cs ; o -

v a r  i nus  i s - I  i I nor  m a t  ec 1 a I s , - in m I o n  t o  s t a t  t y  t H - s - I  t cc - S i t t

b a i l  s pac i ng  on [l ID  f i l m  t h i c k s i - - s s  H - i s - m v i . o i  i i i  ~i t - s  ir in i ,
t t s o {e i s  of h e a r i n g  i - t . i i t i e i s  w o N  ‘ m I I o y -d . h i - - o s -  ~i o s i c ’ l s
W s ;  r - s - s t  ccl in t tie SwE I n i t  1 c i  1 I -I l l )  t - -~~~t s  - s h -g c  i I s - i l  .1 n
R e f t - r e n c e  7.

• Th - r o te  I r s ° r  i ;( - [ -I s  WI - r t  - des i i n s ;  -d by v P I , - s e t  I - ii - r  i - - i t  oh
an d  i i : t p n e n r i i t  cii w i t  I o l  P-1 n B i - -c . [wt n i o d s - 1  i s - : : i - i t n we !-
u s ’ . - i i .  A s i n g l e — b i l l  l n - s i~~p i  was m ut t) i o n  t} ~s - l t i l r r i c m n t  f t - c - i

_~(3_ 
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studies , and a mult i—ball design was used for the bail
spacing studies. Single ball models were made from the
Nylasint 64HV—2 porous nylon , the Meld in  9000 porous pol y-
irn ide , an d the p h e n o l i c .  M u l t i- b a l l  models were made  f r o m
the N y l a s i n t  64 1IV—2 porous n y l o n , the Meldin 9000 porous
poly imide , and f rom a porous nylon  a lso m a n u f a c t u r e d  by the
Polymer Corporat ion and des igna ted  as N y l a s i n t  M — 4 .  The
N y l a s i n t  M —4 is less porous than  the N y l a s i n t  64 }I V—2.

A more de ta i l ed  descrip t ion  of these r e t a i n e r  models
is inc luded  in  Sect ion IV , a long w i t h  the r e su l t s  of the
tes ts .

. 1
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SECTION I I I

TASK I — DESIGN , FABRICA TION , QUALI FICATION , AND
DELIVERY OF AN OPTICAL ELASTOH YDRODYNAMIC TESTER

As a part of this program , an op tical elastohydrodynam ic
tester was designed , fabr icated , and qualified at SwRI . The
design of the AFML tester was patterned after an existing
tester designed , bui l t , and used in EHD lubrication experi-
ments at SwRI. ( 9 )  The AFML tester is a versa t i le  device ,
with which the oil film thickness profile in an EHD conjunc-
tion can be measured by optical interference tech niques. The
friction in the EHD conjunction can also be accurately mea-
sured. A photograph of the completed AFML optical EHD tester
is show n in Figure 3.

Basically , the test section of the EHD tester consists
of a steel ball in controlled rolling and/or slidin g mo tion
relative to two counterrotating flat disks . The two circular
EHD contacts formed at the ball /disk in terfaces are lub rica ted
with the test oil. The 10.16-cm (4-in.) diameter disks are
high-strength glass , the transparency fea ture be ing required
fo r optical interference measure ment of the EHD fil m prof ile.

The steel ball is driven by one of two va r iable speed
DC motors supplied with the tester. With the two motors, a
ball speed range of about 10 to 1,75 0 rpm can be achieved .
The disks are driven by another variable speed DC motor.
Through the use of a direction reversing gearbox , the two
disks rota te at precisely the same speed , but in oppos ite
directions. With the pulley and belt ing arrangement provided ,
the disk speed may be varied over a range of about 25 to 875
rpm . i~n electronic counter is provided wi th the tester fo r
measurement of the ball and disk speeds. By changing the
speed of the bal l  and d isks , numerous combinations of r o l l i ng
and sliding velocities may be obtained at the bail-disk
conj unct ions .

Load is applied to the ball—disk conjunctions thiough
a rack and pinion arrangement which allows the upper disk
to move with the application of calibrated dead weights. This
loadin g system causes the ball to be squeezed be tween the
upper and lower disks. Loads up to 68,950 N/cm2 (100 ,000 psi)
limited by local crazing of the glass disks , can be applied .

A gravity-feed type test oil system is supplied with the
tester to provide lubrication to the ball—disk conjunctions.
Conjunction in let temperature of th e tes t o il is measur ed
with a miniature thermocouple that rides in the oil film on
the rota ting tes t ball sli ghtly ahea d of the con j unc tion inle t .

10
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A rotati ng torquemet er is provided wi th the teste r to
measure the friction torque in the contact zone. This
torquemeter is inst alled in the ba l l drive sha f t , and has a
maximum capacity of 17.8 N-cm (25 oz-in.). The torquemeter
was cal ibra ted at Sw RI, and a calibration curve is furnished
with the tester.

The tester also features a calibrated optical inter-
ference system for measuring the EHD film thickness profile
in the upper ball-disk conjunction. This system consists of
a m icroscope , light source , light collimator , and camera.

After the tester was fabricated and assembled , it was
operated to insure that all systems were functioning properly.
The tester was then par t ia l ly disassembled , carted , and shipped
to AFML in August 1976. An operator ’s man ual , which fully
describes the tester and its operation , was f urni shed with
the tester.

I
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SECTION IV

TASK II  — EXPER IMENTA L MEASUREM ENTS OF FILM THIC KNESS
IN TY PICAL DE SPIN MECHANI CAL ASSEMBLY BEARI NGS

OPERATING IN A SPACE (VACUUM ) ENVIRONMENT

1. General

The purpose of this task was to make quantitative film
thickness measurements in the EHD con junc t i ons of t yp ica l
DMA bearings operating in a simulated space (vacuum) environ-
rnent. As previously outlined , the measurements include
evalua tion of parameters such as :

a. effectiveness of oil feed from the retainer

b. effect of retainer/bearing processing variations
on the ab i l i t y  of the bea ring to fo rm a f ilm of
adequate th ickness

c. floode d versus starved co ntac t

and operat ional va r iables such as

d. load

e. speed

f. frequency and extremes of temperature variation

In the work conduc ted durin g prev ious yea rs and repo rted
in References  7 and 8, extensive film thickness measurements
were made on various oils and oil—additive combinations using
bearings operating in vacuum and also using the SwRI optical
EHD tester. As reported in Reference 8, the e f f e c t s  of the
vari abl es of load , speed , and oil propert ies such as viscos i ty
on EHD f i lm th ickness can be adequa tely correl ated by the use
of su itable dimensionless parameters wh ich include these
variables. Al so as reported in Refe rence 8, no ef f e c ts of the
various additive packages on film thickness formation were ob-
served . In add ition , it is believed that the e f f e cts on f i lm
thickness of any batch-to-batch variation in base stock can be
adequately handled by usin g the measu red viscos it y of the
particular batch of oil under consideration. While there may
very well be other effects of batch-to-batch variation in base
stock and/or base stock-additive combinations in long-term
performance , it is not believed that such effects can be
observed in short-term tests such as those performed in Task
I t .  Th e r e f o r e , this variable was not included i n  these short-
term tests , so that more emphasis could be placed on the
variables in ~he above list.

ii
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Based upon theoretical anal yses and considerable experi-
ment al data , D o w son (2 )  recently proposed the following equation
for computing the minimum oil film thickness in a flooded iso-
thermal rectangular con junct ion :

= 1.63 (3)

h
where Hm = ( 4 )

= Dow s on ’ s dimensionless material-velocity-load
paramete r f or recta ngula r conjunctions

— ___________— 

w0.l3

The various symbols employed in the above equations , and
throughou t this  repor t, are

Hc = dimensionless central-region film thickness ,
def ined b~ Eq. (2 )

Hm = dimensionless mi nimum f i lm th ickness , defined
by Eq. (4)

hc = central-region lubricant film thickness

hm = mini mum lub r icant  f i l m  tai c ness

R = equ iva lent rad ius of c u r v a t u r e  = (l/R 1 +

R1 = radi us of curvatur e of body 1

R2 = radius of curvature of body 2

*
G = dimensionless materials parameter = ci 0 E

= pressure—viscosity coefficient of lubricant at
conjunction inlet temperature and near-
atmospheric pressur e

*E = equiva len t  elastic modul us

= 211~~ ~~ + ~~~~~ 

-1

~ E1 i-:~ J
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Po isso n ’s ra tio of body 1

V 2 = Poisson ’s ra tio of body 2

el astic modul us of body 1

E 2 
= ela stic modulu s of bo dy 2

i~i oVt
Ut d imensionless  sum velocity = 

*ER
= absolute viscosity of lubricant at conjunction

inlet temperature and near—atmospheric pressure

V~ sum veloc ity = V1 + V2

V1 = surface velocity of body 1

V 2 = s u r f a c e  veloci ty  of body 2
w

W dimensionless load =

w load per unit width

Equation (3) is believed to be the best expression available
for calculating the minimum film thickness for the rectangular or
high aspect ra t io e l l ipt ic con j u n c t ion w ith f l ooded , isothe rmal
f low.

When the film thickness equations for rectangular conjunc-
tions are used to calculate the film thickness in elliptic con— - ‘

junctions , an equ ivalent load per unit width (9) is used. For
a bearin g with elli ptic co n junc tio ns , as in th i s  study , the di-
mensio n less load pe r ball is g ive n by

w
We

ER

3P
wh ere We = equivalent unit load per ball =

P = norma l lo ad per ball

a = semiwidth of major axis of contact ellipse at
b a l l - r a c e w a y  contac t

*
and E and R are as previously defined. Therefore , the We in
Eq. ( 5 )  replaoes W in both Eqs. (1) and ( 3 )  f o r  a nqu l a r  c o n t - i c t
bearinqs.
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The above e q u a t i o n s  were p r e sen t ed  and d i s c u s s e d  irs
References 7 and 8 but were repeated here because they were
employed in analyzing much of the Task II data. As will be
seen , all of the Task II data presented in the following
graphs with the exception of Test Series IV (model studies
of EUD contacts under full y flooded and starved conditions)
ar c -c  compared with these equations. Also , as discussed on
page 32 , paragraph 3 of Re fe r e nce 8, Eqs . (1 ) and ( 3 )  were
used to calculate Fic and “m at the base speed. These calcu-
lated values were then added to the film thicknesses de-
termined from .~Ly to obtain FL and i-I’ plotted in the graphs.
For all the film thickness measurements in vacuum presented
irs this report the base speed of the bearings was held con-
stant at 25 rpm.

Since the four different conjunction films for each test
condition were calculated from a single disp lacement measure-
ment , ‘.Ly, they all followed similar patterns , althoug h , the
magnitudes of each would vary a few percent. The variance
between inner and outer race film thickness are the result
of a geometrical difference in the ball—race contacts ,whereas
the difference between aft— amid forward-bearing contact film
thickness values are a result of temperature differences
between the two bearings.

Fi gure 4 shows typical film thickness values , calcuJated
from the race displacement measurements , for the inner and
outer contacts of the forward and aft bearings. The data were
obtained prior to pumpdown for bearings treated with BBRC 36233.
The dimensionless film thicknesses hi and 11’ are plotted caeainst
the dimensionless parameters 

~~ 
and 

~~ 
respectively, which were

defined and discussed earlier in this section of the report
As can be seen in the f i gure , the film thicknesses a t  all four
locat ions d isp lay  the same trends. Althoug h there al- s-c s li - i ht
load effects shown by the data at the larger dimensionless
parameter values , a single sti- -ci iqht line drawn through the
experimental data for either II or I I ’  w o u l d  r e p r e s e n t  a l l  the
data very well. These data were presented previousl y in
R e f e r e n c e  8 and a re  repeated here  f o r  de m o n s t r a t i o n  and corn-
par ison purposes .

Since as indicated in Figurs - 4 t h e  s - x p e n i m e n t a I  t ilni
thickness data for the four di t to rent cot i  j u n c t i o n  I ac -c s t ions
behave similarly, the data for all w i l l  ito t be present ci. The
a f t  beari ng ou te r  race con tac t  h i l t  w e r e  - l rbitr - c s r i l\- o t - l e c t e s i
for further analysis and comparison , and Task  I ) , Tes t :, - c n i e o
I, II , and III plotted d a t i s  shown in t he  f o l l o w i ng - i n - c i t - l o t  w i l l
be v a l u e s  f o r  those c o n t a c t s .  1-or I t i r h ~~~ss -s of -iemier .i 1 i t v , - ci  11
of the film thickness data a n -  p r e s en t e d  in  1 ifl (~i t i n  i s s n i c - t i : :  - m is ; .
However , the dimens ional value of film thicknes s un iv be s t - t - c i j i ; s - l
by mul t I i lyinni t h e  dimensionless film t h  i cknt ’ss H - i  ~~~~ bi- I he
cqU iv-i lent r-cad iri s at the  h i  I 1 — o ut e r  no ’- - c e nt  ac t  s , R0 • ~ i i I cli
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is 8 . 8 4 3 5 2  mm ( 0 . 3 4 8 1 7  i n .) .  The Test Series IV (model
studies of EHD contacts under f u l l y  f looded and starved con-
ditions) data were obtained using the SwRI optical tester
and serve as support data for the other Task II test series.
Since the data reduct ion and presenta t ion were handled some-
what d i f f e r e n t l y  for  Test Series IV , this wil l  be discussed
in more deta il later in its respec tive section of the repor t .
Similarly each tes t series of Task II  along wi th plotted data
representing that test series will be discussed separately
in the following paragraphs. Highlights of these data will
be pointed out and conclusions will be drawn later based on
these test resul ts .

Test Series I — Ef fec t iveness  of Oil Feed from Reta iners .
In this  test series the effect iveness  of oil feed from three
retainer materials into EHD conjunctions of bearings was
studied . The test conditions for the series were as follows :

Bearings : MRC s tandard  design wi th
various retainer materials

Bearing treatment : Dry

Retainer material: Synthane-Taylor Grade LBB
porous laminated phenolic ,
Meldin 9000 porous poly imide ,
Nylas in t  6 4 H V — 2  porous nylon

Retainer  t r ea tmen t :  Full y impregnated wi th  test oi l

Test o i l :  BBRC 36233

Pressure : Equilibr ium vapor pressure of
test oil

Tempera ture :  25C ( 7 7 F )

Load : 890N (200  ib)

Speed : 50, 100 , 150 , 200 rpm

For these tests the ba l l s  and races of the bear ings wer e
i n i t i a l l y  clean and dry . Each test employed a set of two
bear ings , and wi th  each test a d i f f e r e n t  r e t a ine r  m a t e r i a l  was
used . All of the bear ing  r e t a ine r s  were t reated by Bal l
Brothers Research Corpora t ion  (BI3 RC ) and were f u l l y  impregna ted
w i t h  the maximum amount of BBRC 3 6 2 3 3  o i l .  BBRC also f a b r i —
cated the porous poly imide and porous n y l o n  r e t a i n e r s .  The
pheno l i c  r e t a ine r s  were those o r ig i n a l l y  supp l i ed  w i t h  the test
b e ar i n g s  as received f rom MRC . The pheno l i c  m a t e r i a l  r ep resen t s
a s t anda rd  con tempora ry  r e t a i n e r  m a t e r i a l , w h i l e  the  pol y imide
and nylon r e t a i n e r s  represent  more advanced m a t e r i a l s .  I3BRC
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data show that typically the phenolic hr-i d 7 p c - r ( ’ e i s t  by w e i g h t
of the test oil , while the ny lon and polyimide held 25 and 27
percent by weigh t of the tes t oil , respectively. Due to the
short—duration nature of these tests , rio reservo i rs were
installed in the be aring test cha r be r . In it i a l l y  i t was
planned to include two load levels of 222 and 890N (50 a nd
200 lb) in these tests , but during the first test it was
decided tha t using only  one load was less l ik e l y  to inter f e r e
with the oil transfer from the retainer to other bearing com-
ponents. Also , less chance of contaminating the bearings
was l ikely when usin g only  one load , because the bearing test
chamber had to be removed from the vacuum facility to change
the load. It was thought that any bearing contamination or
disturbing any oil transfer that might be o c c u r r i n g  during
these tests would be of more significance than in the other
Task II tests wh ere the bearin g r aces and ba l l s  we re coated
with oil prior to testing . Since the bearings seemed to
perform better at the higher load of 890N (200 ib) , the
remaining tests in this test series were limited to this one
load level.

The reason for using initially dry bearings in these
tests was to observe the effect of oil transfer from the
retainers to the bearing balls and races. Since the balls
and races in i t i a l ly con ta ined no oi l , any film that developed
would be the result solely from feed of oil from the retainers
to the bearinc components . In each test , the bearings were
f i r s t ru n slowl y at approximately 35 rpm and the . Ly measure-
ment monitored to observe the development of any oil films
as oil was transfered to balls and races. If an equilibrium
f ilm th ickness  condi t ion was ob ta ined , the measurements at
the various desired speeds were made .

Unfortunately, neither the Grade LBB porous laminated
phenol ic  or Me ld in  9000  porous p o l y i m i d e  provided s u f f i c i e n t
oil feed (transfer) even after 24 hours of operation to
generate  a measu rab le  f i l m .  On the o ther  hand , immediately
after starting the test using the Nylasint 64HV-2 porous
ny lon retainers , a measurable ~Ly was obtained , bu t af ter
several hours of operation a b e a r i n g  “lockup ” resulted while
attempting to perform -~Ly measurements. The rig was dis-
assembled , but no apparon.t cause of the “lockup ” was found.
T h e r e f o r e , the rig was reassembled and the test again started
and completed with no further problems . Comparisons of these
data obtained for the bearinqs having Ny ’asint 64HV-2 ~‘orousnylon  r e t a ine r s  w i t h  Dowson ’ s Eq. (3) and Crubin ’s Eq. (1 )
are shown in Figure 5. It is apparent especially it hi gher
va lues  of Dowson ’ s and Grubin ’s parameters , that there was
not a sufficient amount of lubricant to provide either
central—region or minimum film thicknesses near those pre-
dicted by the e q u a t i o n s .  On the  o the r  h a n d , l - v e i~ t h o ugh
flooded conjunctions apparently were not obt aiiied , operat loss

20 
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of the bearings appeared to be satisfactory. This leads to
the conclusion that other more advanced materials might
provide even superior results. Of course it should be kept
in mind that this was a short—duration test and does not
predict what might happen under extended testing.

Post—test inspection of the bearings employed in this
test ser ies showed both the bearings havin g porous phe nol ic
and po rous polyi m ide retainers were very dry indicating
essen t i a l ly  no oil t r a n s f e r  f rom the r e t a ine r s  to the bear ing
bal l s  and races.  These bear ings  did show black  wear  debris
on the balls and in the wear tracks of th e inne r and outer
r i ngs .  There were also sh iny  wear spots in the ba l l  pockets
of the retainers . The bearings having Nylasint 64F1V-2
porous nylon retainers exhibi ted a very th i n coa t of oil on
the bal ls  and in the ball tracks of the inner  and outer  r ings
after testing, i nd ica t ing  some t r a n s f e r  of oil f rom the im-
pregna ted re ta iners .  A lso , these bearings did not exh ibi t
as much wea r deb ris as those havin g phe nol ic and poly imide
reta iners.

Test Series II — E f f e c t  of Re ta ine r/Bear ing  Processing
Variables. The purpose of this test series was to investi-
ga te the e f f e c t s  of retainer/bearing processing var iations
on the ab i l i ty  of bearings to form an oil f ilm of adequate
th ickness .  The test condi t ions  for  this  series were as
follows :

Bear ings :  MRC s tandard

Bearing/retainer treat— 2 very thin initial oil film
m e r i t :  th icknesses

Test oil: BBRC 36233

Pressure : Equilibrium vapor pressure
of tes t oil

Temperature : 25C (77F)

Load : 222 , 890N (50, 200 lb)

Speed : 50 , 100, 150 , 200 rpm

In this test series , MRC standard bearings with standard
phenolic retainers and two conditions of bearing/retainer
treatment were employed. Both of these treatments involved
the application of less lubricant than is typically used in
an a t t e m p t  to produce a s i g n i f i c a n t l y  s t a rved  s i t u a t i o n . As
has been discussed e a r l i e r  in the work done d u r i n g  the
previous  years  reported in Ref erences 7 and 8, it was found
that for bearing/retainer treatments r r- c s i i ]tin q in oil coatinos
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on the bear ing componen ts of about 0.1 pm (4  p i n . )  or greater ,
no difference in the resulting EHD film thicknesses which
developed in the bearings could be detected. Consequently,
in order to provide an o i l-s tarved condition , the bea r ing/
retainer treatments must apparently be such tha t an oil
coating on the bearin g com ponents of less th an 0.1 p m is
achieved.

Thus , in th is test series, two different bearing/retainer
treatments were selected which would result in an i n i t i a l  oil
film thick ness coatin g on the bearin g compo nents of less than
0.1 pm (4 pin.). The target values of these initial oil
coating thicknesses were 0.05 pm (2 pin.) and 0 . 0 2 5  pm (1 pin.).
It must be real ized that acc uracy in the t reatmen t tech nique
for obtainin g such thin coati ngs is limited , and probably the
target values were not precisely achieved. BBRC did use
rinse-back solutions on these bearings that were estimated to
achieve the desired in i t i a l  oil f i l m  th icknesses .  Even though
the ta rget values may not have been precisely met , the resul t-
ing coatings should have values that were approximately
correct and bo th appeare d to be less th an the prev iousl y
tested 0.1 pm (4 pin.) which was referred to as a “thin film ”
in Reference 8. Again no oil reservoirs were installed in
the bearing test chamber for these short-term tests.

Un fo rtunate ly ,  the bear ings hav ing a target value of
0.05 pm (2 pin.) for the initial oil coating presented opera-
tional problems during testing. Therefore , after sever al
unsuccessful attempts to test these bea ring s they were remov ed
from the Test II Ser ies schedule. The problem in tes ting
these bearin gs was found to be similar in natur e to the wed ging
between the retainers and outer rings encountered previously
and discussed in detail in Reference 8. Since these bearings
were employed previously in the test program , a review of the
previous testing procedure revealed that the same two bearings
had prese nted problems even whe n lubr icated with a thick
coating of BBRC 36233. Fortunately in the previous program
it was possible to disassemble and reassemble the bearings
and get them to opera te , but after repeating this procedure
it was not possible to get the bearings to operate with the
very thin film of oil used in this test series. In any  case ,
the bearings having a very thin oil coating of 0.025 pm
(1 pin.) did perform satisfactorily and the film thickness
resul ts are shown in Figure 6 . As normally emp loy ed , the test
procedure for these tests was to run all the 22N (50 lb) load
condi tions , then repeat the procedure for the high load con-
dition of 890N (200 lb). As is seen in Figure 6, it initiation
of the test at the light load the measured  f i l m  t h i c k n e s s e s
for the bearings were very close in itqreement with both
Dowson ’s Eq. (3) and Grubin ’s Eq. (1). H u t , after running for
five hours the dimensionless t slm thicknesses II and II ’ had
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bo th  leveled o t t  it 30 x 10 6 to s l i g h t l y  over 40 x 10—6 fo r
the covered range  of dimensionless parameter values. For
the  hi gh load t e s t  w h i c h  fo l lowed , the dimens ion less f ilm
thickness values decrr ’-cssed somewhat to values of 20 x 10-6
to slightly over 35 x 10-6 . Althou gh this change in values
may be a result of load effects which are not completely
correlated by Dowson ’s and (rubin ’s parameters , it can be
seen that after the initial low—load data were obtained , a
l i m i t e d  s t a r v a t i o n  c o n d i t i o n  s i m i l a r  to t h a t  seen f o r  the
bear ings  h a v i n g  N y l a s i n t  64H V- 2 c et a in e r s  (F ig .  5) was
exhibited. Again there did not appear to be sutfici~ent
lubricant to provide flooded lubrication of the ball-race
c o n j u n c t i o n s , but  e x a m i n a t i o n  of the  test  da ta showed there
to be adequate film thickness to place operation in the EHD
regime . Since the data shown in Figure 6 are for the very
t h i n  oi l  coat of 0 . 0 2 5  pm ( 1 p i n . )  in th i s  test  series , i t
seems log ical that the somewhat thicker coat of 0.05 pm
(2  ~; i n . )  would  give r e su l t s  more nea r ly  in agreement with
Dowson ’s Eq. ( 3 )  and Grub in ’ s Eq.  (1) wh ich should compare
closely with data presented for bearings having a thin coat
of BBRC 3 6 2 3 3  of app rox ima te ly  0.1 pm (4 pin.) in Reference
8.

Test Series III — Effect of Frequency and Extremes
of Temp~~r a t u r e  V a r i a t i o n .  The purpose of this test series
was to d e t e r m i n e  the e f f e c t s  of the f r equency  and extremes
of temperature variation on the f o r m a t i o n  and ma in t enance
of elastohydrodynamic films in DMA bearings operating in
vacuum.  The tes t  cond i t ions  fo r  t h i s  series were as fo l lows :

Bearings: MRC standard

Boa ring/rota i n or
t r e a t m e n t :  Thick initial oil film

Tes t  o i l s :  T tp i e z o n  A + 1.5% antioxidant
+ 5% lead naphthenate , and
BBRC 362 33

i r ~- c sn i r ~ - :  Equilibrium vapor pressure
of test oil

Cycled with varied frequency
and varied extremes between
24 and  66C (75 and  l5OP )

I,,oa-cI : 890N (200 Ib)

100 , 200  rpm

As I I  1 Ii t h~ - - i i  m i  - I i St  I I - o t i d  I t i ons  , the bear i ng s
e s n I I m c ~- , - I  i t s  t h i s  t e s t  se r ie s  w e r e  ~~~~~~ s tan d a r d  l ) e o r i i l ( 1S  w i t h
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phenolic retainers. In order to be able to compare with
previous results(B ) using these same bearings and oils , the
bearing/retainer treatment resulted in a thick initial oil
f i l m  coating (between 3 and 4 pm). Also , as seen in the
above list it was scheduled to use two test oils. The
bearings lubricated with low—viscosity Apiezon A plus addi—
tives oil could not initially be made to operate because
of the wedging problem discussed earlier in this report.
The bearings were f inally made operational af ter several
disassemblies , swapping of retainers between the two bear—
ings and reversing the installation of the retainers. The
measured A Ly for this test , after operation of the bearings
was achieved, was zero , giving no film thickness at any of
the ball-race conjunctions . On the other hand , the bear ings
lubricated w i t h  BBRC 362 33 operated very wel l  wi th  no
wedg ing problem, and the data will be presented shortly.

As has been previously discussed , for moderate changes
in bearing temperature , the effects of temperature variation
on the EHD film thickness behavior are well correlated by
dimensionless parameters which include the effects of tem-
perature through viscosity changes. However , the ques tion
arises as to whether or not such parameters can account for
the e f f e c t s  of wider ranges of temperature var iation and the
temperature cycling such as occurs in actual space hardware .
For example , changes in temperature distr ibution among
internal components of DMA systems due to environmental
temperature changes may alter the molecular migration or other
lubricant transfer mechanisms within the system thus affecting
the residual oil f i l m  thicknesses on the bearing components.
This in turn may affect the EHD f ilm thicknesses which
develop in the bearings. One quest ion to be answered in this
test ser ies is whether or not the EHD f ilm th ickness  in a
bearing will completely recover from the effects of a tem-
perature cycle.  That is , will the EHD film thickness return
to the same value as before the tempera ture ex cu rsions occu rred .

Because the tests in this  series m ight involve the ef fect
of lubr icant transfer between bearings and other components
of the test chamber , lubricant reservo irs were installed in
the test chamber fo r this  test ser ies .

The temperature cycles in these experiments were pro-
duced by i n s t a l l i ng two band heaters (900 wa tts each )  around
the outside of the test chamber at the bearing locations and
controlling the power to the heaters with a variable auto-
transformer. The technique was found to be superior to using
inf r a red  heat  lamps .

Figure 7 shows the dimensionless h i m  thicknesses , II  and
H ’ , plot ted versus Dowson ’s and Grubin ’s parameters respec-
tively for the standard bearings lubricated with BBRC 36233.
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As i l l u s t r a t e d  in  the  f i gure , both the c e n t r a l — r e g i o n  and
minimum film thicknesses agree very well with Grubin ’ s an d
Dowson ’ s e q u a t i o n s .  The m i n i m u m  f i l m  appears  to be somewha t
unde rp red i c t ed  by Dowson ’ s Eq.  ( 3 )  e s p e c i a l l y  at the h i g h e r
values. On the other hand , the agreement of these data with
the equations is considerably better than shown by the same
lubricant and hearing design in earlier work which is pre-
sented in Figure 1~ of Reference 8. These data do show
operation in the flooded conjunction reg ime with film thick-
nesses adequate for full EIID lubrication throughout the
range of t e s t i n g  v a r i a b l e s .  Also , the changes in t empera tu re
and v a r i a t i o n  in f r e q u e n c y  of these changes did not appear
to s i g n i f i c a n t l y  a l t e r  the  E II D f i l m  th icknesses  developed in
the bearings. The film thicknesses in the bearings appeared
to completely recover from the effects of several temperature
--yclos and return to essentially the same values as before
the temperature excursions occurred. Both cold and hot data
p-- .ints were obtained at 27 hours of operation as are shown
in Figure 7. To accomplish this , operation of the hot bear—
m is s  was stopped at 27 hours  and they were  a l lowed to cool
f o r  69 hours befo re  be ing  put  back in to  o p e r a t i o n .  T h e r e f o r e ,
the hot data were obtained just prior to stopping operation
a n d  t h e  cold  d .it a  were  obtained just after restarting the
l,,car i Pqs.

Test_ Ser ies  IV — Model Studies of EIID Contacts under
Fu1l-~’ I- looded_and Starved Conditions. The purpose of this
test series was to define more completely the factors which
dot  ci u s i  no w h e t h e r  the  EUD contac ts  in a bea r ing  opera tes  in
a flooded or starved condition . This work was performed
using the SwRI opt i ca l c EHD tester , ( 9 )  and the r e s u l t s  suppor t
the work performed with the actual bearings in the other test
series of this task. As will be seen from the discussion
below , the optical EHD tester is ideally suited for basic
studies of this type , because the EIID film thicknesses can
be visualized optically for the various test conditions.

For one part of this test series , the glass disks of the
SwRl optical El-ID tester were coated with different initial
oil film thicknesses on one side only. The coat of oil was
applied at SwRI and no “rinse back” of the disks was employed .
The thickness of the oil film was determined by weighin g the
disk before and after coating , and assuming equal distribu-
tion of the oil on the surface. The film thickness was t hen
calculated from the before and after w e i -- cj t s  using the surface
a r e a .  For each initial oil film thickness , the E l i l )  films
that developed between the rotating disks and a 2.54-cm
(1—in. ) diameter ball i n  p u r e  r o l l i n g  were  o p t i ca l l y  m ea s u re d .
These tests were a] 1 per  formed u n d er  norma l I abe r i tory tem-
peratures at two d i f f e r e n t  l oads  o h  17.70N (3.98 ib) and
~~.78N (13.44 lb) which -iive maximum Hertz stresses ot
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41 ,37 0 N/cm2 (60,000 lb i~~.2) and 62 ,055 N/cm2 (90,000
lb/ in . 2 ) ,  r e s p e c t i v e ly .  The o i l  t e m p e r a t u r e  at the conjunc-
t ion i n l e t  was measu red  ari d iccounted for in the EHD calcu-
lations. The range of initial oil film thicknesses employed
was such that operation extended from the severely starved
to the f u l l y f looded r eg imes .  These exper imen t s  were l imi t ed
to one test oil , BBRC 36233.

For presentation of data obtained from these experi-
ments the central—region and minimum film thickness equa-
tions discussed in Re f e r ence 8 wer e employed.  These
equat ions  for  ba l l -on-d i sk  exper iments  are repeated below
for the convenience of the reader and are as fo l lows :

For the central-region film thickness:

Hc = 1. 05 
~c 

(6)

h
where He = = dimensionless central—region film

th ickness

(GUt)°~ ~~= _________ = dimensionless material—velocity—
( W ’ ) ° °74 load parameter for central—region

f i lm thickness correlat ion f o r
circular conjunctions

For the minimum film thickness:

= 0.75 rn (7)

hmwhere Hm = — = dimensionless minimum film thickness

G°7° tJt0~~
77

-rn = = dimensionless material—velocity-
load parameter for minimum film
thickness correlation for circu-
lar conjunctions

p
= dimensionless load =

ER2

P = load

and all other symbols are defined after Eq. (4). The ap~ io-
priate parameters from these Eqs. (6) and (7) were employed
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f o r  c or r e l at  ion purposes  and ar c  p re sen ted  in the f i g u r e s
t h a t  fo l l o w .

F i g u i ’es 8 and 9 show s i m i l a r  r e l a t i o n s h i p s  be tween  the
c en t r a l — r e g i o n  and  m i n i m u m  f i l m  t h i c k n e s s e s  f o r  the  t h r ee
Jiff i-ren t levels of initial oil film thickness (oil coatirso)

~n t h e  d i s k s .  As can be seen when c o m p a r i n g  the two f ig u r e s ,
t h e  relative position of the dri p—feed curve (dashed—line) is
son iewb a t  d i f f e r e n t .  A l t h o u g h  i t  is loca ted  be tween  the 4 0 . 2 6
pm (1585 i-in.) a-s~i1 17.78 rn (700 in.) curves for central—
r e g i o n  f i l m  t h i c k n e s s e s  i~id b e t w e e n  the 17.78 pm ( 7 0 0  p i n . )
and 11.02 pm ( 4 3 4  ~ i n . )  cu rves  f o r  the  m i n i m u m  f i l m  thick-
nesses , w h a t  seems t o  be of more s ig n i f i c a n c e  is the f a c t
that the drio-f -ed lubrication , wh ich was t h o u g h t  to suppl y
maximum f l o o de d  conjunctions , does not appear to produce
con junction s--parat. ion between the ball and disks as groat
as the  t h i c k e r  i n i t ia l l y a p p l i e d  oi l  f i l m s . Also  shown by
these  dat a  is the  s eve re  s t a r v a t i o n  of the  b a l l — d i s k  con junc -
t i o n s  e s p e c i a l l y  at  the  h i g h e r  ~c a n d  ~m values for the
t i i n ner  i n i t ia l  o i l  f i l m  c o a t i n g  of 11.02 pm ( 4 3 4  - i n . ) .
The iinimuns film thicknesses displayed very severe starvation
at  rn v a l u e s  g r e at e r  than  45 x 10—6 . Tests performed at four
i n i t i a l  oil film coatings thinner than the 11.02 tim ( 4 3 4  p i n . )
thickness test showed extremely severe starvation of the con-
junctions and meaningful data could not be obtained. There-
fo re , the 1 1 . 0 2  pm ( 4 3 4  i n . )  da t a  were f o r  the t h i n n e s t  o i l
c o a t i n g  t h a t  could  be interpreted . Also of interest is that
ac c o r d i ng  to i n f o r m a t i o n  f u r n i s h e d  by BBRC f o r  b e a r i n g s  h a v i n g
wh a t th ey  considered to be a “ t h i c k  f i l m ” of BBRC 3 6 2 3 3 , t h e
lubricant would have a film thickness coating of 3 to 4 tim
(118 to 157 p i n . )  . As discussed above , ball—disk experiments
h a v i ng  initial oil film coatings of this thickness exhibited
severe ’l v s t a r v e d  c o n t a c t s, whereas  the  b e a r i n g s  t r e a t e d  by
BBRC d i d  not show near this degree of starvation (Fig. 4).
In f a c t , U L - : i r in q s  t r e a t ed  w i t h  the BBRC “ t h i n  f i l m ” and
having what BL3RC considered to have a film thickness coating
of ~

-q-pr -o:~imatc1y 0.1 pm (4 pin.) did not give measured con—
lu n c t i on  f i l m  t h i c k n e s s  d a t a  s i c3n i f i cz i it ly  d i f f e r e n t  t h a n
those f o r  t h e  “ t h i c k  f i l m ” b e a r in g s .  ( 8 )

This rather wide discrepancy between the EU D f i l m  t h i c k -
ness r- -sults obtained with the b e a r i ng s  versus t h o s e  o b ta in e d
in he i ll— d isk i - > ;p e n i n i e n t s  c o u l d  be at least p a r t i a l l y
exj-1 sir r - -d if t he  residual oil film thickness on the b e a r  i n - s
ceirip sent - ; was a c t u a l l y t h i c k e r  t h an  t h e  values pi- ov i ded  b’5
BBRC . It should be emphasized that the residua l oil film
thickn s-ss on the b - i n i n q  component s is an i - st i i n a t  e made  by
B B RC , m u  is 1- i s e d  on e x p e r i m e n t s  c o n d u c t e d  b~ t h e m .  Si nec
i t  i s  i m ~ - m  - m c t . i c i l  to d v t e r n r i n e  t h e  residual oil film t:hi ck—
ness - -i s t h bu - - i r i r i g s  b- c5 - w e i g h i n g  each b e a r i n g  b e f o r e  and
a f t e r  t r (-at cent , P }IRC i - s t  i r n a t  en t h e  r e s i du a l  o i l  f i i r n  thi OKness
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f rom data  de t e rmined  in e x p e r i m e n t s  w i t h  m e t a l  sa r - ip les.
These metal samples were subjected to the various oil treat-
ment processes , and the r e s idua l  o i l  f i l m  t h i c k n e s s e s  were
determined by weighing the nsetal samples before ar id  after oil
t r ea tment , as was done with the glass disks in the present
work .  It is then assumed t h a t  for  a given  o i l  t r e a t m e n t , the
bear ing  components w i l l  e x h i b i t  the same residual oil film
t h i cknes s  as the meta l  sample .  I t  is t h e r e f o r e  poss ib le
that the residual oil film thickness on the bearing components
w i l l  be d i f f e r e n t , and indeed th i cke r , than  those on the
met al samples.  This is because oil  can be r e ta i n e d  in the
bearings by surface tension effects at the int e r faces between
the balls , races , and retainers , which does not occur with
the metal samples.

Another  possible e x p l a n a t i o n  f o r  the d i s c re p a n c y  in-
volves considerations of the wettability of the oil on the
glass disks. It is likely that the wetting of the cerium—
oxide—coated glass disks by the oil is poorer than occurs
on the metallic bearing components. If this is t h e  case ,
then to generate a given E F-I D f i l m  thickness in t h e  ball-disk
con junc t ion  would  p robab ly  r egu i r e  the app l i c a t i o n  of a
thicker oil film coating to override the influ -rsco of the
poorer wettability. It should also be neritioned that tu e
ball in the ball—disk experiments was not coated with oil ,
and this may have had some influence on the results.
Finally, it should not be overlooked that centrifugal forces
set up by the rotating disk tend to cause an outwa rd flow of
the oil on the disk  s u r f a c e  which  could tend to t h i n  the  o i l
coat ing on the disk , a l t h o u g h  t h i s  was not obse rved  in t h e
t e s t s .

In another phase of this test series , t h e  effects of
r e t a i n e r  feed on s t a r v a t i o n  was s t u d ie d .  R e t a i n e r  m o d e l s
w€ ’,- r o  fabricated of Grade LBB laminat -J p h e n o l ic , ~N — f d i n  9000
porous pol y imide , and Ny l a s i n t  6411’- ’— 2 porous ny lon icc o rdi r - s
to the design shown in Fiqu ni - 10. These rsse d -~- l s  won - t r e a t o s
by R9RC with BBRC 36233 oil and should have been left in  a
saturated condition . I3BRC data rhow tha t t h e  ; F s ~ - n o l i c ,
poly imide , and nylon models held ii , 25 , an d 23 pi .- i ’ c en t  of
oil by w e i g h t  r e s p e c t i v e ly .  k i  t h  - -~~ich  i s o - l u - i  an d  a 1. 5 8 7 5 — e n s
(0.(25—in. ) d i ~ un .- ter  b~m l l  i n s t a l  ed in  I so  e st e r  an s h u w i ’
in Figure 11 , the EH D contacf was o k - n c - i ~- . ‘ - - I opt i c i i  ly  t o
s s e t e rm i . ri e o i l  feed  c h s- sr a c t e i - i s~~j c s  of  t h e  v n o u n i s a t e r  i a l s ,
and the resul tin ! Ell[) film th r i rs ~ sso; . i f s  - a -  - in -r  ni - ‘ P - 1
was loaded against the ball w i t h  - cm m e c h a n i c - i l  f r - u - p s i-
(Hunter f p r i n g  Mo r - - l  N o . L— d’1) ~~~~~~~~~ in f i g u r e  11, , - ‘ m i i i or
these  ex p e r i m e n ts  t h e  two loads e inp I o ~~ed W e re  1 .1 iN (0.25 1 1 )
and 2. 22N (0. 50 lb ) . The I u - m c i  b~ - t - u i  lu . - 1 -  11 and - r 1 - i n s  d i sk i ;
w e ;  l 7 . 7 0 N  (3.9K lb )  g i v i n g  - i  m a x i r i s i r s i  l i i i h .  S t  l e S S oh  Si - , 53
N cm 2 (82 ,000 lb/irs . 2 )  This w i n  tb . - - i m r r e  l u - i  u s ed  i i i

.1 3 

-cc-----— ~~~~~~~~~~~ cc_cc— cc -cc - cc --- — - —- - c c - — c c — c c — - . - —— -~~~~~~~~~~~~~~
- -

~~~~~~~
— —

~~~~~~~~~ - - -



I ~~~~~~~~~

- cc - cc ~~~ 

~~ ~~~~~~
~

-‘ L-~ - ___ j —

I- 

/

1~~ ~ -

cc’ ~f~~c:i:
-i

> <

3A ;i~~
i-
~~ ) ~~~~~~~- .

~~~ 
‘

~
- c ”

~~~~ 
cc,- 

~
- -

- : - 
- 

“ .
I - - ‘I, —

5 
- 

- ~- -lY t ~- -cIij ~~ -c—cc C
t 0 -,

~ ~~ — —-c-c
’ —-u £ —cc ~cc-c~

-cc - \~ fl
-
~~~ 0

I . C) 
_ _ _  _-c 0 4 — .  z

4 c) - p.-. Z 0
cc~ H 

- -

tn _ ii s_-c 
£. 

—

- _> _  ~~ ‘-
* ~. - - - —  .  

-T t -  . — 
C

-
~~~ 

- — -  -; ‘  z ~ z
- - a —! ~~~~~~: Q

x — — - c i  I (I)
- C ~~

- —. : -  4 Z _ o~,
N-

- 
-

v~ 
~

- 
cc-

,--c. - - o
-: ç - 

-. -: —4

- --- (
cc ‘~ 0 cc

C
- -

-- - _ -c -
~~~~~ z ~ s-c-,

~~~~ o ~~ .-z~~-c- c S  -~ ~~~~~ O~~~~~~4 ~~~— Z--c-c - - - — , I —
- -

‘ -4

— _ S _ _  _ —
- ‘ . -

~
— ~~~~‘~~~~‘ 2. 

~

-- -- ~~~~~-~~~~~ --

L _  

‘4

_ _



-cc-- -- cc

- 
-

- - - - 
~~~~~~~~~~~~~~~ ~~~~~

- .-‘- - - -c ~~~~~~~~~~~~~ _ _ _ _

-
-c-c - - 

- -
— ~~~- -~-c~-r~~k

- 
~- - a. - _________________________________

—

~~

- ~~~~~ ‘r -‘--  
- 

~~- - ~ -~
- 

- 
_______ 

- - 
~~~~~~~ -~~

_
__

_
____

_
____

_
__ 

——

~~~~~~~

- 
cc- 

—

_ _  fl~~~cc ~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—z I~ ~~~~~~~~ 

.4~
’

- -I- -
- -- 

~~,

- 

~
I1i(.—., 

cc 

•

~ 

* cc

g1, ,.

~ 
-
~~

-

~~

-

~~ ______ ~~;~

_ —

_

~~~

‘—— 

_

~~~~~~
‘
4 %

1:~~. __ 

-- - - - - - - — —  - - -



-- — - -cc-cc ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

previous optical ri g tests (8) which gave a H e r t z  s t r e s s  of
41 ,370 N/cm2 (60 ,000 lb/in. 2) using a 2.54—cm (1—in.) diameter
ball. For these experiments a smaller 1.5875—cm (0.625-in.)
diameter ball was employed giving the highe r Her t z  s t ress .
Al l  of these e x p e r i m e n t s  were performed in pure  ro l l ing  and
the sum veloc ity was held at one speed of 63 .5 cm/sec (25 i n ./
sec) which was approximate ly  the same as the sum veloci ty
of a test bearing operating at 100 rpm .

For these experimen ts , the phenol ic reta iner  model was
f i r s t  run for  15 m i n u t e s  w i th  a contact  load of l.llN
( 0 . 2 5  lb) aga ins t  the ball , then an addi t iona l  20 min u tes
with a contact load of 2.22N (0.50 i b ) .  Dur ing  th i s  t ime the
bail—disk conjunction was constantly viewed showing no oil
feed whatsoever. This sugges ts that the phenolic does not
feed and agrees w i t h  the bear ing  da ta  obta ined in Test Series
I of this Task. An interesting observation after concluding
th i s  experiment  was t h a t  a drop of o i l  placed on the exposed
layered surface of the phenolic model would soak into the
ma ter ia l , indicating that it was not f u l l y  sa tura ted ,
al though the data f or th i s  model as supp l ied by BBRC gave
an oil content by weight of 13 percent. It should also be
noted that 13 percent seems extremely high , espec ia l ly  since
the bearing retaine rs were fabricated fr om the same p iece of
m a t e r i a l  and con t a ined  7 percent  by we igh t  of oi l .  N o r m a l l y ,
a r egu la r  phenolic material meeting MIL—P-15035C specifica—
tions will onl~y hold 3—5 percent  o i l .

The porous polyiniide r e t a i n e r  model was also run for
15 minutes with a contact load of l.llN (0.25 lb) against
the ball and an additional 20 minutes (35—mm . total) with
a contact load of 2.22N (0.50 lb) . During this time there
was no oil feed observed for this material. After this 35
minutes of operation the ret-siner model was completely un—
loaded and reloaded to 2.22N (0.50 ib) twice. After the
second loading a ye l low s t r eak  i n d i c a t i n g  some oil  feed began
t o  appear .  The oi l  cont inued to s lowly  feed , and s t r eaks
in the c o n j u n c t i o n  oi l  film increased to a thickness value
of approximately 0.1 ~sm (4 sin.) after another 15 minutes of
(SO—mm . total) operation. After this the test was continued
for another 25 m i n u t e s  (75—mm . total) , but  the f e u d  appeared
t i have stabilized , and the  observed c o n j u n c t i o n  r e m a i n e d
un . - c k a n j ed . I t  appeared  t h a t  the r e t a i n e r  model  was f e e d i ng
enough to giv .- some lubrication , b u t  t he  c o n tac t  r e ma i n e d  v e ry

s i - c -h  st ’i r v t - i I .

The porous  n y l o n  re ta  i ncr  model beg an  to d i  spi m y  o i l
t~~~u - - c 1  j rnrnedjatel y m l  t e r  the  t e s t  was s ta r t  i- c d u s i n g  t h u  1. 1 iN
( 0 . 2 5  I b )  load between the  b i l l  and t h e  reta i no r rn o -.ke i  . T h i s
1 O n  I was he ld  c o n s tan t  fo r  1 7 m i n u t  es and t h e n  i i i c r e~m sed to
2. 2iN (0. 50 Ib) where the t -~~t was  con t  i n u t - d  I or i i i  - m d c i i —

i - c r - i l 2 i u  m i r m u t u - s  ( - 1 3 — m m . I - c - f ’ s)). D u n n - ;  t h i s  t i u n -  t h e  oil
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feed from the retainer model continued , mi u l s t r e a k s  in  t h e
conjunction oil film increased to a thickness of appr- :xi-
mate ly  0 . 2  ~sm (8 pin.). After 43 minut c .-s of total run time
the c o n j u n c t i o n  was viewed at  r e t a i n e r  loads of 0, 1.11 , and
2 . 2 2 N  ( 0 . 2 5 , and 0 . 5 0  lb)  and the  f o i lo w i r s ’ - ; u b s e r v a t i o n s
were noted :

a. Under loaded conditions it a p p c - m r e d  t h a t  s c e n t - c r
s t r ip  of the b a l l- d i s k  c o n j u nc t i o n  was be inc  wi pe - c f nearl y
clean and oil was squeezed f r o m  the  r et a i n e r  r n - l u - I .  This
oil was carr ied  in to  the sick- areas of the conjunction where
a film was formed and in fact side lobes (9) w -r t - vi sible.

b. When the r e t a ine r  model load was i n c r e a sed , t h e th i n
center s t r ip became wider. On the other hand , when the load
was decreased to e s s e n t i a l l y  ze ro  the  f i l m  was t h i n , b u t
f a i r l y  evenly d i s t r i b u t e d  th rouqhout s  the c o n t a c t .

C. In review , i t  appea red  n e c e s s a r y  to have  a load to
force the oil f rom the retainer model , but too much load
between retainer model and ball would tend to wi pe the bail
track clean .

In conc lus ion , fo r  these r e t a i n e r  m-adel expe ri ns -c-nts it
can be said that the phenolic displayed no oil feu d while the
porous poly imide had l imi t ed  oil  feed , and  t h e  porous nylon
demonstra ted the best oil feed of these three m - cmt - r i~ils . In
general these results tend to agree with the Test S - c - c ries I
bearing results , except for the bearings having pol y im i - cI e
retainers , where there seemed to be no oil fec-cd present.

In the third and final phase of this test series , a
study of the influence of dc-sign and operating variables ,
namely ball spacing , on starvation was made. For this ji h anu- ,
it was p l a n n e d  to f a b r i c a t e  a m u l t i — b a l l  model  f r o m  a s i i s u ~ le
material which would accommodate two or more balls at various
spacings between the balls. But , actually three multi-h i ll
models were fabricated from three d i f f e r e n t  m a t e r ia l s
according  to the d e s ign  d e t a i l s  shown in  F i gu r e  12. N o t i c e
the s i m i l a r i t y  between th i s  desi gn and the b e a r i n g  r e t m i n e r
des ign  shown in F i g u r e  2 .  The t h ree  m a t e r i a l s  c- in p loyed
were  N e l d i n  9000 porous pol y im ide , Ny lasint 6411V—2 porous
ny lon , and Nylasint M—4 low—porosity nylon , all full y i ns-
pregnated with 24 , 25 , and 2 per ceri t by w c -  i -;li t of R R R C  ~~2
oil , respectively. Since the two more porous m a t u - r i m i s ,
Meld in 9000 and Ny) -is m t  6411V— 2 , were not needed for t he l i i  1 1—
sp acinc;  ex p e r i m e n t s , I hey w -i- c- er n i d - c i y u -c d fuo i l d i t  juno) o i l —
[cccl s t u d  i i-s.

The mu it i—ba I I r u t  - m u - , a w-c - r - i :rst - ii led i n  I he opt  i i ’o 1
ri - c ; as shown in F i - ; i r i ’  13 er-se- - f t  t f r -  four b a l l s  w - - r a - e luCl l l v
spaced a round  t he no to i r n- r n . The I ot  - I I We i gh I ot  I h - c  r e t  a i r s - c  -

~~~~~IlI~~~~~~_-c-c-ccc - - - — ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — - c c cc-- --— -c-c -



I

~~~~1~ 

~ (!
_
~ ~~~~~~~~~

:-~ ~~~~~~
_-

~~~

I ~~0
~~~~~ ccJ ~~~ -~~

-

~~~~~~~~~~ !~
cccccc

~~~~
i

~
i

~ :~: ‘~
- — 

—V 
L ;

— I - - . - 
-.

-( — I

~~~~~ 
~l

-

~ ~
r
~-c L i~

- 
- - —,~~~~~ ~ 

I

0 I r . — - ~~~~~‘ - .  ~~~~~ -u-c L--c- -c-

r4 ~~~~~~~~
0 - C

._4 ‘ - -cc - -  r-c. - I,~
N - -

-
~~~~~~ 

: ~~~~~~~~~~~~~~~~~~~~~~~~

- 
0

~ 
So -

0 
ccJ

Q
-~~~~ - cc ~~~~ J

-cc

c~ 
-
~ ~~

I- 0 -~Ca ~ -ci

IA



cc -— - -_- - -~~~~~~~~~~- -~~~~~~~~~~~~~~~

__
.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - c - c~~~~~~~~~~~~~~~~~~~~cc~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~cc~~~_~~~~

I 

:1__
~~

‘“

~~~ 

—

~~~~~~~~~~~~

_ _ _ _ _

_ _  

I:
J~~~~~~o

~~~~~~~~~~
- H

- - - -c c  -~~~~~~~~~~~~~~~ cc cc ~~~~~~~~~~~~~~ c c c c~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~



- - - cc ~~~~~~~~~~~~~ ‘.- cc cc ~--c_ - — cc ~~~~~~ , -c-c ~~~~~~-c~~~. _ - c  cc

models  and r e t a i n e r  h o l d e r  was  3.07N ( 0 . 6 9  l b ) .  S incc  the
tabs on the r e t -m i n e r s , - ‘ is Su -Cfl in Figure 12 , have s n s c m l l  cross—
sect ional  areas  and are  l i m i t e d  in s t r e n g t h  they were not
loaded beyond th i s  amount .  Each ba i l pocke t had two tabs
wh ich rubbed against the suppo rt ing ba l l s .  Th e r e f o re , the
average load transmi tted to each of the 4 ba l l s  by the
retainer tabs was 0.76N (0.17 i b) .  For these exper iments ,
the total load between the upper disk and 4 balls was
53.38N (12 lb),whereas the bottom disk carr ied a sl ightly
heavier  load due to the  added weigh t  of the b a l l s , retainer ,
and retainer holder. The Ny lasint 64HV-2 and Meldin 9000
were run separa tel y un der these con d i t ions fo r 45 an d 60
minutes , respect iv e l y ,  viewing alternately the four different
ball-disk contacts without any evidence of oil feed from
e i t h e r  r e ta iner  model.  From these obse rva t i ons , it is seen
t h a t  the oil feed results from these multi-ball retainer
models do not agree with those results obtained from t he  one-
b a L l  models or the Test Series I bearing-retainer studies.
Sir -ice  the design of these r e t a i n e r s  was somewhat  d i f f e r e n t
than the one-ball models or the standard bearing retainer
des ign  it might be expected that the oil feed results would
not be the same as already discussed for these materials.
On the other hand , any oil feed f r o m  the N y l a s i n t  64 11V-2
multi-ball model would have certainly supported the previousl y
discussed experiments. Further experiments usinq the multi-
ball retainer models were not pe r fo rmed  s ince  they were not
originally intended for oil-feed studies.

The Nylasint M— 4 low-porosity nylon retainer was
employed for the ball spacing experiments. Four balls were
used in this multi—ball retainer with one ball arrangement
as shown in Figure 13. For this arrangement , the “movable
ball” is shown in the retainer pocket a t  ball position 3
which gives triple spacing relative to the fixed observed
ball. The two other “dummy balls ” also remained in the
r e t a i n e r  pockets as shown f o r  a l l  t e s t i n g . For double
spacing tests the movable ball shown in ball position 3 was
moved to ba l l  posit ion 2, and likewise for sing le spacing
the movable ba l l  was moved to b a l l  p o s i t i o n  1. For a l l
these experiments total load between the disks and balls was
53 . 3 8 N  (12 lb ) . D u r i n g  v i e w i n g  the  v a r i o u s  b a l l — d i s k  con—
j u n c t i o n s , it appemred that at  any given time on-c--c b a ll was
not car ry ing any of t h e  l o a d .  In other words , three balls
were  n o r m a l l y  car ry ing  a l l  t h u -  b id .  T h e r e f o r e , t h e  m a x i m u m
load on any  p a r t i c u l a r  b i l l  d u r i ng  o p e r at i o n  was assumed to
be 17.79N (4 lb) , which is 1/3 of t h e  t o t a l  load , - c ; i v i n q  a
maximum Hertz stress of 56 ,33~

) N ens 2 (8 1 , 710 l b/ i n . - > ) .  Lub—
ri  cat  ion was  prey  I dod by i ; - p l  i n q  t o u r  d rops  of III1R C 3 b 2 3 3
o i l t o  the  I l - c l )  o f  e . i ch  b a l l , t o m  a t o t  m l  01 0. 1 crc , p m . ior
t -  i n s ta l l i ng  the  i l l - i - - c r disk ari d bi - i n g i n u ~ i t  i n  c o r i t o e t  w i t h

h - c - b a l l  s . This win done w i th e 1 H t b i l l  s ( f u l l  comii 1 emen t
i n  t i - u-  mu i t  i — b a l l  r e t  a i n -r  , and t s - c - rig w - cm s ruin for 30
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minutes. Then four of the balls were removed from the
retainer , and all of the experiments were performed without
further lubrication. The experiments were carried out in
pure rolling between balls and disks with sum velocities
of 25.4, 38.1 , and 50.8 cm/sec (10, 15 , and 20 in./sec)
and at a laboratory temperature of 25 C (77 F). This range
approximates the sum velocity range encountered in the test
bearings.

Figure 14 shows a comparison of the experimentally—
determined dimensionless f i l m  thicknesses Hm and Hc f o r
three d i f f e r e n t  ball spacings as compared to the standa rd
drip-feed lubrication system. As can be seen , there is very
good agreement between all the data , thus negating the idea ,
at leas t for  these experiments , tha t  the ball  ahead of the one
under observation tends to push the oil out of the run nin g
track on the glass disks and thus restrict the oil supp ly
to the ball being observed. In f act, at the lower material-
velocity-load parame ter , 

~~~ 
the single ball spacing gave a

minimum f i l m  thickness almost twice that  for  both the double-
and tr iple—spacing data. This seems the reverse of what
would be expected unless the balls are ac tual ly car ry ing the
oil into the conjunctions. On the other hand , the central-
region f i l m  thickness  data did not show any va r i a t ion  for
the different ball spacings.
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TASK I I I  — IN VESTI GATIO N OF THE IN FLUENCE OF LUBRICAN T
FILM THICKNESS TO BALL-RACE COMPOSITE SURFACE

ROUGHNESS RATIO ON BEARING-LUBRICANT
PERF ORMJu.NCE AN D LIFE EXPECTANCY IN

A SPACE (VACUUM ) ENVIR ONMENT

1. General

The main purpose of this task was to investigate the
inf luence of the ratio , Am , of the EHD oil f i l m  th ickness to
ball-race composite surface roughness on bearing-lubricant
performance and life expectancy as typified by satellite sta-
bilization methods in actual service. The overall objective
of this task was to obtain data to provide a foundation for
the development of accelerated tests which can be used to
predict bearing-lubricant life expectancy in actual space
flight service. As has been previously discussed , (8) it is
believed that the most realistic way to conduct such acceler—
ated tests is through control of the Am ra t io .  Accordingly ,
the Task III tests to be discussed below were designed to
provide data on bearing operation at d i f f e r e n t  levels of the
‘~‘m 

ratio.

Before discussing the proposed Task II I tests in detail ,
some general comments concerning the selection of test vari-
ables should be made. First of all , there were numerous
possible test variables which deserved study . These included
such parameters as bearing retainer processing variations ,
inlet contact starvation phenomena , the abil ity of contemporary/
projected retainer materials to provide satisfactory long term
lubricant supply, and addi tive and addit ive concentra tion
variations.

In order to make the selection of experimental variables
to be studied , the results of the work conducted during the
previous two years , as reported in References 7 and 8 , provided
valuable guidance. Firstly, defini te problems with bearing
retainers were encountered during this earlier work. These
problems exemplified themselves by erratic torque behavior
and actual bearing failure by retainer seizure. While this 4
could be a problem of retainer lubricant feed , which might
be alleviated by use of a d ifferent retainer material , it is
bel ieved that  the problem was one of re ta ine r des ign and cou ld
be solved without introducin g an additional variable of -~~

different retainer material. Secondly, i t seems fa ir l y wel l
establ ished from the work of the previous two years that in
the long—term tests , full EF~~ lubrication prevailed most if not
all of the time . Since the range of A m in these long—term tests

4 1
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was about 0.71 to 1.43 , it was concluded that deep boundary
l u b r i c a t i o n  can o n l y  be achieved at Am levels somewhere
below t h i s  r a n g e .

Based upon these findings , the Task III tests as out l ined
below were des igned to achieve opera t ion  at much lower levels
of A m , which was the primary variable to be studied , and also
to isolate the retainer problem. It was believed that this
should be done with a minimum of introduction of new test
var iab les  in order t h a t  compar i sons  with previous results can
be made.  Consequent ly , some parameters such as bearing re-
tainer processing variations and projected retainer materials
were performed in Task II rather than in Task III. With these
conside rations in mind , Task III will now be discussed .

Task III consisted of three long-term tests of six months
of con t inuous  operat ion for  each test. Each test was con-
duc ted in a sepa rate test ch ambe r descr ibed ea rlier, with two
test bearings loaded against each other with a 890—N (200—lb)
ax i a l  load. Bear ing speed fo r  a l l  three tests was main ta ined
constant at 100 rpm , and the laboratory temperature was kept
approximately at 25 C (77 F).

The three  separate test chambers were connected to the
1200 ~/sec vacuum pump , described in detail earlier , (8) and
the bearing chamber pressure was the equilibrium vapor pres-
sure of the oils. Each test chamber was equi pped with an
LVDT system for measurement of bearing film t h i c k nesses, and
with the necessary instrumentation for torque measurement.
Both measurement systems have been discussed earlier. (7,8)
Bearing film thicknesses as well as torque were measured
at regular intervals throughout the entire duration of the
tes ts .

A summary of these t h r e e  t e s t s  is presented  in Table 1.
As shown in the table , these tests were designed to be con-
ducted at two different 

~m 
ratios , designated simply as low

an d medium , since at the t i n e  the tests were designed it
was not known what the actual values would be. The two Am
levels were to be obtained by usinq oils of two different
viscosities . The low A m level would be obtained by using
Apiezon A oil which has a viscosity of approximately 54 x
l0 6 m2/s (54 cs) at 25 C (77 F) as determined at SwRI.
Within experimental error , the base Ap i e zon A and  f o rmu l a t e d
Apiezon A oils both have this s-cmn e viscosity at 25 C (77 F).
The medium Am level would be obtained by using BBRC 36233
oil which has  a viscosity ot m ’r ()xiruatelv 225 x 10—6 m2/s
(225 cs) at 25 C.

The bea r i n g  race r o s s - r h n - c -c so ;  i i i  t h e  t ransverse di rect ion
(across  g r i n d i n g  m a r k s )  , - c m s  s u p pi  le d  by MRC was 0 . 4 0 6  u r n
(16 ~min .). This roughness i s  t w i - c - - c - that of the “ r o u gh ”
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bearings employed in the earlier work reported in Reference 8.
This rougher race finish was chosen for the long—term tests
of this study because with the Apiezon A and C oils employed
in s imi l a r  tests  conducted in the work cited above , operat ion
in the boundary regime was apparen t ly  not achieved as there
was no i n d i c a t i o n  of wear on the ba l l s  and races of the test
bearings. The objective for the long-term tests in this
study was to obta in  levels of A 1~ low enough to hopefu l ly place
operation in the boundary regime so that wear and possible
failure due to wear would occur. Using this value of 0.406
.m (16 pin.) for the race finishes in the transverse direc-
tion and ba l l  surf ace  f in ishes of 0.025 ~m (1 pin. ), all
provided by MRC , and employ ing the expr ession fo r composi te
su r f ace  rou ghness , Sc , g iven in Reference 7 , a value of ap-
proximately 0.33 ljm (13 pin .) is obtained for -sc. This
assumes the bearing race surface finishes in the direction of
grinding marks is one-half that in the transverse direction.
Then using experimental  values of f i l m  thicknesses as calcu-
lated from ALy for the three tests shown in Table 1, and
employing the following equation :

m -

oc

where Am = d imensionless  minimum oil f i lm  thickness ra tio

h = oil film thickness calculated using Eq. (38),
Appendix A , Reference 8

-
~~~~~ 

= compos ite su r f a ce roughn ess of two bearin g
surf aces

values of 0.21 , 0.26 , and 0.78 are obtained for -‘rn for  Apiezon
A w i th  high add it ive  concentra t ion , Apiezon A with low additive
concentration , and BBRC 36233 , resp�ctively. Although , the
two endurance tests us ing Api ezon A we re des igned to have the
same Am value , there was approximately 20 percent difference
between the calculated resu l t s  of 0 . 2 1  and 0 . 2 6 , the lower
concentration of lead naphthenate antiwear additive giving
the hi gher Am .  The f i l m  th icknesses  used in c a l c u l a t i n g  the
above Am values were the average of the last ten inner-aft
bearing film thicknesses that were obtained in the three long-
dur ation tests , and these data will be included in those pre-
sented in the next subsection of this report under experi-
men tal results.

2.  Exper imental Resul ts

The computer prog ram tha t was developed and employed to
compute the film thicknesses for these Task III tests was
d iscussed and presen ted earl ier. (8) Al so a li st in g was
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presen ted in the ea r l ier refe rence , but the tables of com-
puted data for the long—duration bearing tests performed
during this program are presented in the Appendix. The mea-
sured variables for a long-duration test from the previous
study (8) which was extended to 12 ,768 hours and had a high

“m of a p p r o x i m a t e l y  1 .43  is presented in Fi gure 15 , and can
be used for  comparison pur poses.

Figures 16, 17 , and 18 show the measured v a r i a b l e s  fo r
the three long-duration Task III tests as a function of time
for this program. The film thickness data points are values
that  were calculated f rom the measured d isplacements, Ly.
For these Task I I I  tests the a f t  b e a r i n g — i n n e r  race contac t
data were plotted rather than the aft bearing-outer race con-
tact data that were selected for plotting in the Task II tests.
This was done because these inne r race contact da ta are
pr in ted  out in the Task III tables ( A p p e n d i x )  whereas only
the equations con ta in ing  the geometric cons tan t  are g iven in
these tables for  computing the outer contact  f i l m  t h i c k n e s s
values.  Again  as exp la ined  in subsect ion 2 , the f o u r  dif-
ferent conjunction films for each test condition at any
particular time are calculated from a single displacement
measurement , ALy . The solid l ines shown on the plots  of H ’
and H versus time in Figures 16, 17 , and 18 are the v a l u e s
that would be obtained using Grubin ’ s Eq .  (1) and Dowson ’s
Eq. ( 3 )  fo r  ca l cu la t ing  c e n t r a l — r e g i o n  and m i n i m u m  d imens ion-
less f ilm thicknesses, respectively, at the measured bearing
temperatures. When comparing the data calculated from
measured -\Ly values with these empirical values from the
equations , it is seen that the actual film thicknesses in the
bear ings , fo r  the d i f f e r e n t  A m ratios , are a lways  less t h a n
both the emp ir cal minimum and central—reg ion values pre-
dicted by the equat ions .  This  in general agrees with the
similar Task III data obtained earlier and shown in Figures
23 , 24 , and 25 of Re fe r ence  8. As b e f o r e , t h i s  sugges t s
less than flooded lubrication in the ball-race conjunctions.
The endurance  tests  performed durinq this program gave con-
siderabl y thinner film thicknesses in the bearings than
those previously tested using similar oils. This implies
that the rougher bearing race surfaces used in this program ,
which gives lower A m values because of lar-ier -“ c ’s, causes
the t h i n n e r  oil f i l m s  at  the  ball-race conjunctions. On the
other hand , the earlier short-term tests (S) do not support
this observation showing essentially no difference between
the film thicknesses for bearings hav ng race rouqhnosses
of both 0.102 -rn (4 pin.) and 0.204 t im (8 t im ) .  Also , the
earlier long—duration test having the  lowes t  \~~ v a l u e  ( 0 . 7 1 )
and using Ap iezon A w i t h  a high conc ertrm tion of ant iwear
additive displayed film thicknesses ap p ro x imat - c-~ y one-halt
those predicted by Dowson ’s Eq. (3) ~m t the  be ginnin g of t h e
test. Put these film thicknesses gradually i n c r e m i o ’ I u n t  II
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I
-ci agreeing reasonably well with Dowson ’s equation at approxi-

mately  2 ,500 hours of tes tin g ,  and remained in fair agree-
ment th roughou t the remai nder of the tes t. In the present
program , the test having the lowest 

~-m 
of 0.21 (Apiezon A

w i t h  h igh concen tra tion of ant iwear addi tive ) disp layed
very small  fi lm t h i ck nesses throughout the en tire 4 ,440
hours. Althoug h the two other tests having ~rn va lues  of
0.26 and 0.78 (Apiezon A with low concentration of antiwear
additive and BBRC 36233) had somewhat larger film thicknesses ,

-c they all remained significantly below either Dowson ’s or
Grubin ’s predicted minimum or central—region thicknesses.
In other words , data obtained during this program using the
roughe r bea rings do appear to g ive th inner f i lm thicknesses ,
wh ich is somewhat con tradictory to the earl ier work.  What
is probabl y of more importance and w i l l  have add i t iona l
discussion later in the report , is the f ac t  tha t  there was
no ev idence  of r u b b i n g ,  wear , or even con tact between the
balls and races for the extended tests using the very rough
races and the low v i s cos i t y  o i l .

Vacuum in the chamber appeared to behave as would be
expected , with the pressure first increasing when the test
r ig s  were i n i t i a l l y  put into motion and then continuing a
g r a d u a l  decreas ing t rend u n t i l  the end of t es t i ng .  Between
450 and 1, 600 hours the pressure ion gage was being repaired ,
therefore the chamber pressure was estimated as shown by the
dashed line on the data  plots .  The measured torque in the
test bearings seemed to behave fairly normal with fluctua-
tions that appear to be reasonable and which remained con-
sistent throughout testing. As seen from the plots , torque
f o r  Ap iezon A with the low concentration of antiwear addi-
tive was in g e n e r a l  lower than the torque for the other tests.

All three of the endurance tests completed the 4,440
hours  w i t h o u t  any bea r ing  seizure problems which probably
can be attributed to the new ball—piloted retainer design.
W i t h  this d� siqn the retainer could not be pushed against
the  i n n e r  land of the bear ing  outer  race and caused to wedge
as was ex per ienced in the ear l ier work .  (8) Therefore , the
problem of bearing “lockup ” appears to have been remedied .
The reason for the test rig to stop and restart itself as
shown in Figure 18 is not know . It is though t  t ha t  the motor
controller failed to operate for a shor t  pe r iod  of t i m e .

Post—test Inspection of Task Il l Bearings. P Hu r e  19
shows a close—up view of the ball—piloted ret -miner removed
f r o m  the a f t  b ea r ing  a f t e r  Test : No. 1 ( T a b le  1) was corn —
p l e i ( - ( I .  There was exces s ive  b u i l d u p  of d e b r i s  on t~h -  b a l l —
pocket tabs of the ret~iiner as shown in the p h o t og r a p h .
This buildup was evident on approximatel y one—half (180°) of
the  t abs wh j H the others d i d  not show - my  b :s i I J u t - .
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was also debris  on the lands of the ou ter race and in t h e
r u n n i n g  t rack of the outer  race. The b a l l s  had p a r t i c l e s
of debris on the ir surfaces  and wer e somewha t di scolored .
In other words they were not s h i n y  l ike a pol ished bal l .
There was some debris collected on both sides of the ba l l
track on both the inner and outer races. There was some
oil on the lands of the outer race , but  a l l  o ther  s u r f a c e s
of the remaining  bear ing  components appeared to be very
dry . The inner  race of this bearing had wear marks
(simila r  to f r e tt i n g )  on the sur face tha t ma ted w ith the
shoulder on the r ig s h a f t .  These wear marks  are  shown in
Figure 20 and appeared to be caused by the bea ring ac tuall y
mov ing sligh tly on the sh a f t  dur ing operation of the r ig .

For the forward bearing used in this test , all com-
ponents appeared to be very dry of oil .  There was some
buildup of debris on the ball—pocket tabls of the retainer ,
but not near ly the amount as seen on the aft bearing dis-
cussed above. Bu i ldup appeared to be f a i r l y  evenl y dis-
tributed on all ball-pocket tabs. The balls in this bearing
were also d iscolored and had a di r ty  appearance. There was
no visible pitting, spalling , or flaking in either of these
bear ings .  In fac t, the rubb ing t racks  in the races did not
show any wear and af ter wiping the debris away they we re
fou nd to be bright and shiny with  the ori ginal gr indin g
marks still showing with no apparent wear.

The a f t  bea ring f r om Test No. 2 had a small  amount of
oil on the lands of the outer race. All  other components
appeared to be very dry of o i l .  There was a small  amount  of
debris on both sides of the ball tracks in the inn er and oute r
races , but very little debris buildup on the ball—pocket tabs
of the retainer. The balls from this bearing were also dis-
colored with a stained or dirty appearance. The forward
bearing used in Test No. 2 had very little oil on any of the
components and also displayed very l i t t l e  wear debr i s. The
balls did have the same discolored appearance. In general
this bearing was very clean . There was no evidence of
pitting, spalling , or f l ak ing in ei ther of these bear ings.
Again , the g r i n d i n g  marks  in the r u n n i n g  t r acks  of the races
were plainly visible without any apparent wear.

Both the a f t  and forward bearings used in Test No . 3
displayed an ample amount of oil on all components after
4,440 hours of testing . Figure 21 shows the inner race of
the a f t  bea r ing  as i t  appeared when the tes t  was completed.
Note the  s t r e a k s  of oil  b u i l d u p  t h a t  were l e f t  on the race
as it was removed f r om the assembled b e a r i ng .  These s t rea k s
were caused by a lar ge  a m o u n t  of o i l  b e i ng  c ol l e c t e d  at the
ball— race conj unct ions. As t he  b a l l s  ro]  I ( - ( I a l o n g  t I s i -  race
in t he  a x i a l  d i r e c - t i o n  c l u r i n ~i d i s a s s e m b l y ,  t h e  s t r e a k s  of
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oi l  were  left intact on the race surface. Also seen on the
inner race , is the large amount of dark debris collected -

~~~

on bo th sides of the ball track .  This debris was collected
ve ry  much the same on both the inner and outer races of both
the  a f t  and f o r w a r d  bea r ings  w i t h  a somewhat g rea te r  amount
v i s i b l e  on the aft bearing . The aft bearing had black
s t a i n s  and debr i s  embedded in the su r f ace s  of both the ba l l -
pocket  tabs and ou te r  land of the ball  re tai ner. The
forward bearing also showed a small amount of black debris
on the ball—pocket tabs and the outer land of the ball re-
t a m er .  There were  black wear spots inside the retainer
ball—pockets. The balls in both bearings were covered with
oil contai n in g par ticles of black debr is. In general , the
forward bearing had a much cleaner appearance than the aft
bea ring . This is attr ibuted  to the fact tha t the in ner ring
of the a f t  bear ing  had a wear t rack  on the su r face  that
ma ted with the shoul der on the rig shaf t very much the same
as discussed previously for  Test No. 1. This wea r tr ack can
be seen in Figure 2 2 whi ch shows the assembled bear in g as it
appeared after the 4,440—hour test was completed. It is
believed that the wear debris from the slight movement
between the inner race and the mating shaft shoulder , for
both this test and Test No. 1, did find its way into the
bearings and cause the “workin g components ” of the bearinas
to have a very “dirty ” appearance.  However , this wear
debris was not analyzed to determine if it contained metallic
part icles.  In both tes ts  the af t bearing ,  which is whe re
the wear occurred , displayed more black wear debris than
the forward  bear inq .

For the bearings employed in Test No. 3 there was no -ci
visible pitting, spalling , or wear noted in the running
t racks  of the races or on the b a l l s .  The g r i n d i n g  ma rks
remained v i s ib le  in the ru n n i n g  t racks  of both the inner
and outer  races of both bearings.
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SECTION VI

CONCLUS IONS

Task II. From Test Series I, wh ich involved a stud y of
th e e f f e c t iveness o f oil feed f rom v a r i o u s  r e t a ine r  ma te r i a l s ,
the f o l l o w i n g  conclusions  are drawn : When o i l— i m p r e g n a t e d
Gr ade LBB la minated cotton phenolic is used fo r the bea ring
re taine r, little , if any, oil is released from the phenol ic
to provide for  EHD lubr ica t ion  of the ba l l - race  contacts.
Th is conclus ion is based on the fac t that  a f t e r  24 hours  of
constant operation of initially dry bearings with oil—saturated
re ta iners , no ax ia l  displacement of the bea r ings could be
detected. Furthermore , post-test v i sua l  examinat ions  of the
bearings showed that the balls and races of the bearings were
s t i l l  dry .  The same conclusion is dr awn for  the case where
the retainers are made f rom Meldi n 900 0 porous polyim ide. On
the other ha nd , when the mater ia l  is 64 1-IV- 2 porous nylon , oil
feed does occur.  The EHD f i l m  thicknesses  which develop are
measurable  by the displacement  technique , but in general are
considerably less than what would be predicted by the theo-
re t ic~~l EHD f i l m  th ickness  equat ions .  This indicates  that
al though the porous nylon is superior to phenol ic or porous
pol yimide as fa r  as oil feed is concerned , an oil-saturated
porous nylon retainer alone is not capable of feeding a suf-
f i c i e nt amount of oil necessary to provide f looded in le t
cond itions at the El-ID contacts. To provide for fully-flooded
in le t s , addi tional means of supp ly ing oil , such as an in it ial
application of oil to the me ta l l i c  components of the bear ings ,
will be necessary.

From Test Series II , which was concerned with the effect
of re ta iner/bear ing  processing var iables  on the ab i l ity of
bear ings  to form an oil f i l m  of adequate th ickness , i t  is
concluded tha t  when the resid ual o~ l f i l m  remaining on the
bear ings is too thin , a severe s tarvation condi t ion may r e s u l t .
For space hardware  appl ica t ions  where low bea ring torque
requ irements are necessary , it is common practice to “rinse-
back ” the bearing after the oil is applied , to th i n  the
res idu al oil f i lm thus reduci ng the torque req u ired to d ri ve
the bea r ing .  As was found  in the study reported in R e f e r e n c e
8, bear ing rinse—back to a residual oil  film thickness esti-
mated to be 0.1 jim (4 jim .) did not result in a measurable
change in the El-ID film thicknesses which develop in a bearing
as compa red with those whi ch develop wh en th e res id ua l oi l
film thickness is about 4 s-m (157 jin . ) . For both  cases ,
however , some degree of starvation was observed . The r e s u l t s
of Test Series II indicate that further rinse—back to an
estimated residual (lii film thickness of 0.025 tm (1 in.),
will resuit i;i El-ID film thicknesses much thinner than those
which  - 1ev - I o~ - i n the bs la r i ng  when t l i e  n e  i d u a l  o i l  f i l m  t h  i c kn e s e
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is 0.1 pm (4 pin.). Accordingly, the degree of starv at i on
is much greater. in summary, it is concl uded tha t for  BBR C
36233 , which was the  on ly  oil subjected to tests  in Tes t
Series II , the residual  oil f i l m  th ickness on the bearin gs
should not be less than  about  0.1 pm (4 p i n . )  i f  maximum
EHD f i l m  thicknesses  are to be obta ined dur ing  bear ing
operat ion .

Test Series  III involved a determ ina t ion of the e f f ects
of frequency and extremes of temperature variation on the
formation and maintenance of EHD films in DMA bearings.
From the resul ts  of the tests  conducted in this test series ,
it is concluded tha t for  the range of tempera ture excurs ions
and f requencies  inves t igated, there are no i r r eve r s ib le
e f f e c t s  on l ub r i can t/bea r ing  pe r formance.  That is , as the
bearing temperature increases due to an in crease in the
envi ronmenta l  temperature, the El-ID f i lm thickness  n a t u r a l l y
decreases as a result of the decreased oil viscosity . As
th e env ironmen tal and bea r ing temperature decrease , the EHD
film thickness increases again . During these temperature
excursions , the EHD f i lm thi ckness increases and dec reases
along a single curve , and the film thickness data are corn- 

A

pletely cor related by the dimensionless material-load-
velocity parameters of Grubin and IDowson . Moreover , during
these l imi ted tests  performed with BBRC 36 2 33 , it appears
tha t  over the comple te range of tempera tu re  excursions , the
i n l e t  condi t ions at the EHD contacts  w i t h i n  the bear ing  are
flooded.

In Test Series IV , wh ich involved a stud y of f looded
and starved EHD conditions using the SwRI optical El-ID tester ,
several conclusions may be drawn . The experiments where El-ID
f i l m  th icknesses  were measured o p t i c a l l y  for  oil  coa t ings
of various thicknesses on glass disks do not support the EJ1D
f i l m  th ickness  measurements  made in Task II using the ax ial
displacement technique and actual bearings. With the glass
disks , an ini t ial oil f ilm coating w ith a th ickness less
than 11.02 jim (434 pin.) resulted in severely starved EUD
contact conditions , to the point where the optical inter-
ference patterns showed almost no EHD film thickness develop-
ment. On the other hand , from axial displacement measure-
ments in actual bearings obtained in a previous study (B) and
in Task II , an initial oi l  f i l m  coating in the range of 0.1
t- rs 4 ‘ r n  ( 4  to 157 p i n . )  produced EIID films easily measurable -:
and sometimes l a rge  enough to i n d i c a t e  f u l l y  f looded con-
d i t i o n s .  The reason f o r  this discre~-ancy is not known at l iii ~
presen t time , but it is believed that the most likel y
e x p l a n a t i o n  is t h a t  the  a c t u a l  r e s i d u a l  o i l  f i l m  t h i c k n e s s
c o a t i ng s  on t h e  h e a r i ng s  i r e  t h i c k e r  t h a n  t h o se  w h i c h  h ive
been estimated. Other c- -stri hu t m g  factors may hIIVV h~- t - i s
t he  p o s s ib i  i t  y of poorer oil wet t ab i  i i  t y  of t h e  a l- iss d i s k s ,
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and centrifugal forces tending to thin the oil coating on
the disks.

The experimen ts with the one-ball retainer models and
the SwRI op t i ca l  EHD tes ter  support , in general , the
re ta iner  feed stu dies cond ucted with the bearings in Task
I I .  The conc lus ions  are t h a t  the Grade LBB phenolic  does
not r e s u l t  it -ci o i l  feed to the ba l l  su f f i c ien t to develop
an EHD film that can be measured optically. The Meldin
9000 porous poly irn ide ma terial resul ts in a slight amoun t
of o i l feed to the ba l l , enough to be able to detect w i t h
the optica l i n t e r f e r e n c e  technique , but not enough to
separate the contact surfaces completely. The 64HV—2 porous
nylon res ults in more oil feed than the porous poly irnide ,
although there was not enough oil to create a flooded con-
junc tion. The feed from this  mater ial began as soon as
the test was initiated and after several minutes of opera-
tion side lobes were apparent , but a center st rip in the
ball-d isk conjunction was wiped clean of oil. In conclusion ,
the phenolic showed no oil feed , the porous polyimide had
l imi ted oil feed , and the porous nylon displayed the best
oil feed , but not eno ugh f o r  flooded lubr ica tion.

For the exper iments  wi th  the multi—ball retainer models
usi ng the SwR I optical EHD tester , there was no t s u f f i cient

- 
A o i l  feed from ei ther the Meldin 90 00 porous poly im ide or

Nylasint 64HV-2 porous nylon to cause any separation in the
b a l l - d i s k  contacts .  This is not in agreement w i t h  the one-
ba ll model expe riments and may have resulted because o f the
d i f f e r e n t  loads and d i f f e r e n t conformi ty of the mat ing
su r faces  for the two model experimen ts. Control of the
load ing and conform ity was inherently not as good when us ing
the m u l t i - b a l l  models.

The ball spacing experiments using the Nylasint M-4
porous nylo n in the SwR I opt ical EHD tester showed tha t f o r
three different ball spacings the ball-disk conjunction film

4 
thicknesses were very nearly the same for equivalent mate-
rial-velocity—load parameters. This leads to the conclusion ,
at least for the range of conditions covered by these experi-
t u en t s , t h a t  the lead ing ball does no t tend to push the oi l
Ou t  of the running track and thus restrict the oil supply
f -  the trailing ball resulting in oil st~~rvation. Of course
it should be realized that in these experiments , -is would
1- : likely in an actual bearing , the entire complement of
balls do not necessarily run along exactly the same track.
Irs fact , there may be as many different tracks as there
are balls , thus having many tracks very closely spaced or
even J)1 rt [all v overlapping .

~ 
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Task III. For these long—duration tests the low con—
centration of antiwear additive gave lower torque require-
men ts. On the other hand , the bea r ings exh ib i ting the
lowest torque requirements (low concentration of antiwear
add it ive ) had larger EHD f i l m th icknesses tha n bear in gs
lubr icated wi th  the same base oil con ta in ing  a hi gher
concentration of antiwear additive . However , the f i lm
thicknesses for  both oils were well  below those pred icted
by the theoretical equa tions of Grub in and Dowson for
flooded isothermal conditions . As expected , the higher
viscosity oil with the higher concentration of antiwear
addi t ive  exhibi ted sig n i f i can t ly  la rger f i l m  th icknesses
and torque requiremen ts , al though these f i l m  thi cknesses
remained well below those predicted by Dowson and Grubin.
These data in conjunction with the fact that no wear ,
pitting , or spalling on the running tracks of the balls or
races were visible in the post-test inspections , lead to
the conclusion that the operation of the bearings for all
three tests was in the full EHD regime , al though f looded
lubrica tion was no t presen t .

Comparing the torque data for the first 4,440 hours of
opera t ion , using BBRC 36233 and ball—piloted retainers with
the same oil and outer—land—riding retainers shows that the
ball—piloted retainers in general required significantl y
less torq ue , especially toward the end of the 4,440-hour
period . Since none of the long-duration tests w -cre halted
because of bea ring se izure , as happened in the earlier pro-
qrarn,(8) it is concluded that the new ball—piloted retainer
design alleviated the problem. Also it was observed in this
program as well as in the previous study, that problems
of bearing operation for oil lubricated DMA bearings are
more likely to be related to retainer desi Tn and/o r wea r
th an bal l  and race wear .

The primary difference b~-t w e e n  the two iormq—du rat ion
tests using Apiezon A (Test No. I and Test No. 2) was t h e
excessive buildup of debris on the ball—pocket tabs of  t h e

j aft—bearing retainer for the t e st  with the high c o n c e n t r - m -
tion of antiwear additive (Test No . 1). 130th t h e  b e ar i ng s
in the high antiwear additive test exh ib it ’~-d more debris
t h a n  those employed  in  the low an t i we ar  ad d i t ive  test , b u t
this can probably be par t ially attributed to the wear
between the inner rare of t h e  a ft b e a r i n g  and t h i -  niit jug
shoulder of the test rig sha It  w h i c h  o c c u r r e d  d u r i ng  i - e r —
formance of the t e s t .

From the  m e a s u r e m e n t s  01 t he  1- 11D f i l m  t h i c k n e s s e s  in t h e
bearinqs using the race di sp i 1 m ci - I I R - n t t c c h n i -1u e  , t h e  111 c i t  i a
fo r  the  t e s t s  w h en -  A p i c / o n  A w i t h  - i s l s l i  t ivc- s was  em~sl o y e d  was
as low as 0. 21.  Yet  t - ~< a m i n a t  i - n  - i i  t h e  bear  in~i r ace s  and
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balls indica ted t h a t  l i t t l e, if any, rubbing wear occurred.
It is thus concluded that lubrication was very nearly in
the full El-ID regime for these tests. Consequently, i t  has
not been possible to determine the effect of Am on the
bearing-lubricant system life . However , it has been estab-
lished from these tests that for per iods of 4 ,44 0 hours ,
sa t i s fac tory  operation from an EHD f i l m  standpoin t can be
attained at Am values as low as 0.21 even with bearings
having a thin in i t i a l  oil coatin g and very rough bearing
races of 0.406 pm (16 pin.), if ball—piloted retainers are
employed.
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